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The following constitutes the Appellants' Brief on Appeal. 

L REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Serial No. 09/941,992 recorded November 16, 2001, 
at Reel 012176 and Frame 0450. 

II. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as "PRO1097". There exist two related patent applications, (1) U.S. Serial No. 
09/997,628, filed November 15, 2001 (containing claims directed to antibodies to the PRO1097 
polypeptide), and (2) U.S. Serial No. 09/997,614, filed November 15, 2001 (containing claims 
directed to PRO 1097 polypeptides). These two related applications are also under final rejection 
from the same Examiner and based upon the same outstanding rejection, therefore appeal of 
these final rejections are being pursued independently and concurrently herewith. 

III. STATUS OF CLAIMS 

Claims 124, 129-131 and 135-145 are in this application. 
Claims 1-123, 125-128 and 132-134 have been canceled. 

Claims 124, 129-131 and 135-145 stand rejected and Appellants appeal the rejection of 
these claims. 

A copy of the rejected claims in the present Appeal is provided in the Claims Appendix. 

IV. STATUS OF AMENDMENTS 

In an Amendment filed on January 10, 2005 after the mailing of the Final Office of 
October 20, 2004, Claims 1 19-123 were canceled and Claims 124 and 139 were amended to 
more clearly claim what the Appellants always believed was the claimed subject matter in the 
present application. The claim amendments raised no new issues and placed the claims in better 
form for consideration on appeal. These cancellations and amendments to the claims were 
indicated as acceptable in a telephone conference with Examiner Wegert on August 24, 2005 for 
the purposes of this appeal. Hence, Claims 124, 129-131 and 135-145 are pending and are under 
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Appeal in this case. The rejection under 35 U.S. C. §1 12, first paragraph to Claims 1 19-123 (nor 
canceled) for allegedly not satisfying the written description requirement is moot. The 
outstanding rejections are addressed with respect to the pending claims. 

Further, in an Amendment filed on August 25, 2005 after the mailing of the Final Office 
of October 20, 2004, a declaration by Audrey Goddard, Ph.D. was filed. Entry of this 
declaration was indicated as acceptable in a telephone conference with Examiner Wegert on 
August 24, 2005 for the purposes of this appeal. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

Independent Claim 124 is directed to an isolated nucleic acid of SEQ ID NO: 348; the 
full-length coding sequence of the nucleic acid sequence of SEQ ID NO: 348; or the full-length 
coding sequence of the cDNA deposited under ATCC accession number 203044, and encodes 
for the PRO 1097 polypeptide. The PRO 1097 gene was shown for the first time to be 
significantly amplified in human lung or colon cancers as compared to normal, non-cancerous 
human tissue controls (2.313 to 2.346 fold in two different lung primary tumors and 2.1 14 to 
2.532 fold in three different colon primary tumors). This is set forth in the specification, at least 
in the 'Gene Amplification assay/ Example 170, page 539, line 19, to page 555, line 5 
(specifically, see Table 9B, page 551). The profiles of various primary lung or colon tumors 
used for screening the PRO polypeptide compounds of the invention in the gene amplification 
assay are summarized on Table 8, page 546 of the specification. This feature is carried by all 
claims dependent directly or indirectly from Claim 124, namely, Claims 129-138. Methods for 
selecting a host are generally set forth in the specification at, for example, in Examples 140-143 
and page 376, line 12 onwards (Claims 137-138), and describes the expression of PRO nucleic 
acids in various host cells, including E. coli, yeast and Baculovirus-infected insect cells. 
Methods for selecting a vector are generally set forth in the specification at, for example, on page 
378, line 8 (Claims 135 and 136). 

Independent Claim 139 is directed to an isolated nucleic acid consisting of at least 30 
nucleotide fragment of the nucleic acid sequence of SEQ ID NO: 348, or a complement thereof, 
that specifically hybridizes under highly stringent conditions to (a) the nucleic acid sequence of 
SEQ ID NO: 348 or a complement thereof; or (b) the full-length coding sequence of the cDNA 
deposited under ATCC accession number 203044 or a complement thereof and wherein the 



isolated nucleic acid molecule is suitable for use as a PCR primer or probe. Methods for using 
high stringent hybridization conditions recited in Claim 139 are provided, for example, on page 
312, line 33 onwards. Pending Claims 140-145 depend from Claim 139. Methods for using 
polynucleotides encoding PRO as hybridization probes consisting of nucleotide fragments of 
varying lengths is described at, for example, on page 285, line 1 1 onwards, and describes probes 
of at least 50 nucleotides (Claim 140), 60 nucleotides (Claim 141), 70 nucleotides (Claim 142), 
80 nucleotides (Claim 143), 90 nucleotides (Claim 144) and 100 nucleotides (Claim 145). 

Finally, the amino acid sequence of the native "PRO 1097" polypeptide and the nucleic 
acid sequence encoding this polypeptide (referred to in the present application as "DNA59841- 
1460") are shown in the present specification as SEQ ED NOs: 349 and 348, respectively, and in 
Figures 244 and 243, respectively. Page 299, lines 30-33 of the specification provides the 
description for Figures 244 and 243. The isolation of cDNA clones encoding PRO 1097 of SEQ 
ID NO:348 is described in Example 107, page 489 of the specification. The specification 
discloses that various portions of the encoded PRO 1097 polypeptide possess significant 
sequence similarity to the glycoportease family of proteins and the acyltransferase 
ChoActase/COT/CPT family (see, for example, pages 218-220, lines 31-34). 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

1. Whether Claims 124, 129-131 and 135-145 should be accorded priority of 
provisional Application 60/141,037, filed 19 November, 2001. 

2. Whether Claims 124, 129-131 and 135-145 satisfy the utility/ enablement 
requirement under 35 U.S.C. §101/1 12, first paragraph. 

VII. ARGUMENTS 

Summary of the Arguments 
Issue 1 : Priority 

The instant application has not been granted the earlier priority date on the grounds that 
"although disclosing the same experimental assays as the instant specification, do not enable the 
instant invention and therefore do not impart Utility. . 

Appellants submit that data derived from the Gene Amplification assay was first 
disclosed in U. S. Application Serial No. 60/141,037, filed 19 November, 2001 for the claimed 



PRO 1097 encoding gene. Appellants further submit that, the same detailed reasons discussed 
below under the section on Issue II: Utility/ Enablement, are sufficient to also establish 
patentable utility for U. S. Application Serial No. 60/141,037. Hence, Appellants should be able 
to rely upon this provisional application to provide an effective filing date of 19 November, 2001 
for the instant application. 

Issue 2: Utility/ Enablement 

Claims 124, 129-131 and 135-145 stand rejected under 35 U.S.C. §101/ 112, first 
paragraph as allegedly lacking either a specific and substantial asserted utility or a well 
established utility. 

Patentable utility for the PRO 1097 polypeptides is based upon the gene amplification 
data for the gene encoding the PRO 1097 polypeptide. The specification discloses that the gene 
encoding PRO 1097 showed amplification, ranging from 2.313 to 2.346 fold in two different lung 
primary tumors and 2.114 to 2.532 fold in three different colon primary tumors . The Declaration 
of Dr. Audrey Goddard, submitted with Appellants' Response filed August 25, 2005, explains 
that a gene identified as being amplified at least 2-fold by the disclosed gene amplification assay 
in a tumor sample relative to a normal sample is useful as a marker for the diagnosis of cancer , 
and for monitoring cancer development and/or for measuring the efficacy of cancer therapy. 
Therefore, the gene amplification levels of 2.313 to 2.346 fold for lung primary tumors and 
2.114 to 2.532 fold for colon tumors is not a "small increase" as the Examiner contends (page 4 
of Final Office action dated October 20, 2004). Appellants also submit that, as any skilled 
artisan in the field of oncology would easily appreciate, not all tumor markers are generally 
associated with every tumor, or even with most tumors . Therefore, whether the PRO 1097 gene 
is amplified in few tumor samples or in the vast majority of tumor samples studied is not relevant 
to its identification as a tumor marker, or its patentable utility. Rather, the fact that the 
amplification data for PRO 1097 is considered significant is what lends support to its usefulness 
as a tumor marker. Thus, a positive result does indicate the presence of cancer, while a negative 
result requires further follow up testing, testing which is considered routine by one skilled in the 
art of oncology and is not considered undue. 

The Examiner further asserted on page 4 of the Final Office Action mailed October 20, 
2004 that amplification of the PRO1097 polynucleotide does not impart a specific, substantial, 




and credible utility to the PRO1097 polypeptide since, "there is no evidence regarding whether 
or not PRO 1097 mRNA or polypeptide levels are also increased in this cancer." In support of 
this assertion, the Examiner cited references by Pennica et aL, Haynes et al and Hu et al 

First of all, the claims are directed to nucleic acids , not polypeptides, therefore, the issue 
of whether there is a correlation between gene amplification and polypeptide expression levels is 
irrelevant . One of skill in the art would understand how to use the claimed nucleic acids to 
detect amplification of the gene encoding PRO 1097, and how to use the gene amplification 
results to diagnose cancer. Thus the question of whether or not PRO 1097 mRNA or polypeptide 
levels are also increased in these cancers has no relevance to the utility of the claimed nucleic 
acid molecules. Moreover, the teachings of Pennica et al. 9 Haynes et al. or Hu et al., do not 
conclusively establish a prima facie case for lack of utility. 

Instead, Appellants submit that based on the gene amplification data and the substantial, 
credible, asserted utility of the PRO 1097 gene in the diagnosis of lung or colon cancer, one of 
ordinary skill would know exactly how to make and use these claimed nucleic acids for the 
diagnosis of cancers, without any undue experimentation. 

Response to Rejections 

ISSUE 1. U.S. Provisional Application No. 60/141,037 Satisfies the Utility Requirement of 
35 U.S.C. § 101/ $ 112, First Paragraph based on the results of the Gene Amplification assay 

Appellants have asserted that U.S. Provisional Application No. 60/141,037, filed 
November 19, 2001, discloses the gene amplification assay (shown in Example 170 of the instant 
specification) and establishes patentable utility for the claimed PRO 1097 nucleic acids. 

Appellants submit, for the reasons set forth below under Issue 2 for Utility/ Enablement, 
that the results of the gene amplification assay disclosed in the specification of U.S. Application 
No. 60/141,037, provides at least one credible, substantial and specific asserted utility for the 
claimed PRO1097 nucleic acids under 35 U.S.C. §101/§1 12, first paragraph. Accordingly, 
Appellants respectfully request that the subject matter of the instant claims be granted the 
November 19, 2001, priority date of U.S. Provisional Application No. 60/141,037. 



6 




ISSUE 2. Claims 124, 129-131 and 135-145 are supported by a credible, specific and 
substantial asserted utility, and thus meet the utility requirement of 35 U.S.C. § 101/ 112, 
first paragraph 

The sole basis for the Examiner's rejection of Claims 124, 129-131 and 135-145.under 
this section is that the data presented in Example 170 of the present specification is allegedly 
insufficient under the present legal standards to establish a patentable utility under 35 U.S.C. § 
101 for the presently claimed subject matter. 

Claims 124, 129-131 and 135-145 stand further rejected under 35 U.S.C. §112, first 
paragraph, allegedly "since the claimed invention is not supported by either a specific and 
substantial asserted utility or a well established utility for the reasons set forth above, one skilled in 
the art clearly would not know how to use the claimed invention." 

Appellants strongly disagree and, therefore, respectfully traverse the rejection. 

A. The Legal Standard For Utility Under 35 U.S.C. § 101 

According to 35 U.S.C. § 101: 

Whoever invents or discovers any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement thereof, may obtain a patent 
therefor, subject to the conditions and requirements of this title. (Emphasis added.) 

In interpreting the utility requirement, in Brenner v. Manson the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 
her invention, i.e. a utility "where specific benefit exists in currently available form." The Court 
concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 

3 

commerce rather than the realm of philosophy." 



Brenner v r Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id at 536, 148 U.S.P.Q. (BNA) at 696. 
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Later, in Nelson v. Bowler the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 

utility." 5 

In Cross v. Iizuka the C .A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 

7 

i.e. there is a reasonable correlation there between." The court perceived "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 

8 

practical utility." 

The case law has also clearly established that Appellants' statements of utility are usually 

9 

sufficient, unless such statement of utility is unbelievable on its face. The PTO has the initial 
burden to prove that Appellants' claims of usefulness are not believable on their face. In 
general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 



4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 Id. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid. 
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to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 

n . . 11 12 

the art to question the objective truth of the statement of utility or its scope. ' 

13 

Compliance with 35 U.S.C. §101 is a question of fact. The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 

14 

totality of the evidence under consideration. Thus, to overcome the presumption of truth that 
an assertion of utility by the applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the applicant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 

("Utility Guidelines") 15 , which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 
public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 

U In re hanger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In re Jolles, 628 F.2d 1322, 206 USPQ 885 (C.C.P.A. 1980); In re Irons, 340 
F.2d 974, 144 USPQ 351 (1965); In re Sichert, 566 F.2d 1154, 1 159, 196 USPQ 209, 212-13 
(C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) 
cert, denied, 469 US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 

1992). 

15 66 Fed. Reg. 1092(2001). 



utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 
regard to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of 
Applications for Compliance With the Utility Requirement, gives the following instruction to 
patent examiners: "If the applicant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants respectfully submit that the data presented in Example 170 starting on page 
539 of the specification of the specification and the cumulative evidence of record, which 
underlies the current dispute, indeed support a "specific, substantial and credible" asserted utility 
for the presently claimed invention. 

Example 170 describes the results obtained using a very well-known and routinely 
employed polymerase chain reaction (PCR)-based assay, the TaqMan™ PCR assay, also referred 
to herein as the gene amplification assay. This assay allows one to quantitatively measure the 
level of gene amplification in a given sample, say, a tumor extract, or a cell line. It was well 
known in the art at the time the invention was made that gene amplification is an essential 
mechanism for oncogene activation. Appellants isolated genomic DNA from a variety of primary 
cancers and cancer cell lines that are listed in Table 9 (pages 539 onwards of the specification), 
including primary lung and colon cancers of the type and stage indicated in Table 8 (page 546). 
The tumor samples were tested in triplicates with Taqman™ primers and with internal controls, 
beta-actin and GADPH in order to quantitatively compare DNA levels between samples (page 
548, lines 33-34). As a negative control, DNA was isolated from the cells of ten normal healthy 
individuals, which was pooled and used as a control (page 539, lines 27-29) and also, no- 
template controls (page 548, lines 33-34). The results of TaqMan™ PCR are reported in ACt 
units, as explained in the passage on page 539, lines 37-39. One unit corresponds to one PCR 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 II (B)(1). 
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cycle or approximately a 2-fold amplification, relative to control, two units correspond to 4-fold, 
3 units to 8-fold amplification and so on . Using this PCR-based assay, Appellants showed that 
the gene encoding for PRO 1097 was amplified, that is, it showed approximately 1.21-1.23 ACt 
units for lung tumors and 1.08-1.34 ACt units for colon tumors which corresponds to 2 1 21 -2 1 23 - 
fold amplification in lung and 2 1 08 -2 1 34 - fold amplification in colon tumors respectively, or 
2.313 to 2.346 fold in two different lung primary tumors and 2.114 to 2.532 fold in three 
different colon primary tumors . 

Previously, in the Office Action mailed April 30, 2004, the Examiner stated based on 
Hittelman et al that such a "slight increase in clone numbers in cancerous tissue is no doubt due 
to an increased number of chromosomes, a very common characteristic of cancerous and non- 
cancerous epithelial cells." Appellants disagree. 

Hittelman studied premalignant lesions and suggests that epithelial tumors develop 
through a multistep process driven by genetic instability (see abstract). Hittelman showed that a 
subset of the same molecular changes found in associated tumor were also found in premalignant 
lesions, suggesting that these premalignant lesions might represent precursor lesions for 
associated tumors, i.e., a manifestation of a multistep tumorigenesis process. (See Hittelman, 
page 4, last three lines). Appellants therefore submit that, contrary to the Examiner's rejection, 
the Hittelman reference strongly supports the Appellants position that there is utility in 
identifying genetic biomarkers in epithelial tissues at cancer risk (also see Hittelman, abstract, 
line 4-7). Hittelman adds on page 2, fourth paragraph, line 3 that "it is important to identify 
individuals at significantly increased cancer risk who might best benefit from different types of 
intervention". Taken together, even if Appellants were to show that the observed PRO 1097 gene 
amplification were due to chromosomal aneuploidy (which Appellants do not contend to), 
identifying genetic biomarkers like the PRO 1097 gene with this aneuploidy is a very important 
and useful step, according to Hittelman, in identifying individuals at significantly increased 
cancer risk. Therefore, Hittelman supports at least one utility for the PRO 1097 gene, that is, as a 
genetic biomarker for cancer or precancerous cells. As one skilled in the art would clearly know, 
early detection of lung cancer provides information in advance about risk assessment, prognosis 
and therapy for lung cancer. 

Further, the Examiner acknowledges that there was a "increase" in DNA, but stated that 
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the increase was "very small" (Office action mailed April 30, 2004). Regarding this rejection 
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Appellants submit that the Examiner seems to be applying a heightened utility standard in this 

instance, which is legally incorrect. Instead, whether this "increase" is "significant" needs to be 

addressed. As evidence that the "increase in DNA" in the gene amplification assay is significant, 

Appellants submitted a Declaration by Dr. Audrey Goddaixl in the Supplemental response filed 

August 25, 2005. The Declaration by Dr. Audrey Goddard provides a statement by an expert in 

the relevant art stating that "fold amplification" values of at least 2-fold are considered 

significant in the TaqMan™ PCR gene amplification assay. Appellants particularly draw the 

Board's attention to page 3 of the Goddard Declaration which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is 
significant and useful in that the detected increase in gene copy number in the tumor 
sample relative to the normal sample serves as a basis for using relative gene copy 
number as quantitated by the TaqMan PCR technique as a diagnostic marker for the 
presence or absence of tumor in a tissue sample of unknown pathology. Accordingly, a 
gene identified as being amplified at least 2-fold by the quantitative TaqMan PCR assay 
in a tumor sample relative to a normal sample is useful as a marker for the diagnosis of 
cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. (Emphasis added). 

Accordingly, the 2.313 to 2.346 fold in two different lung primary tumors and 2.114 to 
2.532 fold in three different colon primary tumors would be considered significant and credible 
by one skilled in the art, based upon the facts disclosed in the Goddard Declaration. 

Further, Appellants submit that the fact that two lung tumor samples and three colon 
tumor samples tested positive in this study does not make the gene amplification data, by any 
means, less significant or spurious. As any skilled artisan in the field of oncology would easily 
appreciate, not all tumor markers are generally associated with every tumor, or even, with most 
tumors. In fact, some tumor markers are useful for identifying rare malignancies . That is, the 
association of the tumor marker with a particular type of tumor lesion may be rare, or, the 
occurrence of that particular kind of tumor lesion itself may be rare. In either event, even these 
rare tumor markers, which may not give a positive hit with most common tumors, have great 
value in tumor diagnosis, and consequently, in tumor prognosis . The skilled artisan would know 
that such tumor markers are very useful for better classification of tumors. Therefore, whether 
the PRO 1097 gene is amplified in two lung/ three colon tumors or in most tumors is not relevant 
to its identification as a tumor marker, or its patentable utility. Rather, whether the 
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amplification data for PRO 1097 is significant is what lends support to its usefulness as a tumor 
marker. It was well known in the art at the time of filing of the application that gene 
amplification, which occurs in most solid tumors like lung and colon cancers, is generally 
associated with poor prognosis. Therefore, the PRO 1097 gene becomes an important diagnostic 
marker to identify such malignant lung or colon cancers, even if the malignancy associated with 
PRO 1097 molecule is a rare occurrence . Accordingly, the present specification clearly discloses 
enough evidence that the gene encoding the PRO1097 polypeptide is significantly amplified in 
certain types of lung or colon tumors and is therefore, a valuable diagnostic marker for 
identifying certain types of lung or colon cancers. 

C. The Utility of the Claimed Nucleic Acids Does Not Depend Upon the 
Properties of the Encoded Polypeptide 

On page 4 of the final Office Action mailed October 20, 2005, the Examiner points out 
that "there is no evidence regarding whether or not PRO 1097 mRNA or polypeptide levels are 
also increased in this cancer". The Examiner points out, especially on page 4-5 of the Final 
Office Action, that: 

"what is often seen is a lack of correlation between DNA amplification and increased 
peptide levels (Pennica et al) As discussed by Haynes et aL, polypeptide levels cannot 
be accurately predicted from mRNA levels. . .the literature cautions researches against 
drawing conclusions based on small changes in transcript expression levels between 
normal and cancerous tissue." 

Appellants strongly disagree. First of all, Appellants submit that the instant claims are 
directed to nucleic acids , not polypeptides, therefore, the issue of whether there is a correlation 
between gene amplification and polypeptide expression levels is irrelevant . One of skill in the 
art would understand how to use the claimed nucleic acids to detect amplification of the gene 
encoding PRO1097, and how to use the gene amplification results to diagnose cancer. Thus the 
question of whether or not PRO 1097 mRNA or polypeptide levels are also increased in these 
cancers has no relevance to the utility of the claimed nucleic acid molecules. 

The claimed nucleic acids can be used in cancer diagnosis without any knowledge 
regarding the function or cellular role of the encoded protein. Appellants submit that the law 
clearly states that "it is not a requirement of patentability that an inventor correctly set forth, or 
even know, how or why the invention works." Newman v. Quigg, 1 1 USPQ2d 1340 (Fed. Cir. 
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1989). Accordingly, the disclosure or identification of the mechanism by which PRO 1097 is 
associated with cancer is not required in order to establish the patentable utility of the claimed 
PRO 1097 nucleic acids. 

D. A prima facie case of lack of utility has not been established 

The Examiner further cited Hu et al, to show that " the literature cautions researchers 
against drawing conclusions based on small changes in transcript expression levels between 
normal and cancerous tissues" (Page 5 of the Final Office action mailed October 20, 2004). 

First of all, as discussed above, the increase in DNA copy number for the PRO 1097 gene 
is significant and would not be considered "small" according to the Goddard declaration. 
Further, contrary to the Examiner's assertion, the cited Hu et al reference does not conclusively 
establish a prima facie case for lack of utility for the PRO 1097 molecule. The Hu et al 
reference is entitled "Analysis of Genomic and Proteomic Data using Advanced Literature 
Mining" (emphasis added). Therefore, as the title itself suggests, the conclusions in this 
reference are based upon statistical analysis of information obtained from published literature, 
and not from experimental data. Hu et al performed statistical analysis to provide evidence for a 
relationship between mRNA expression and biological function of a given molecule (as in 
disease). The conclusions of Hu et al however, only apply to a specific type of breast tumor 
(estrogen receptor (ER)-positive breast tumor) and cannot be generalized to breast cancer genes 
in general, let alone to cancer genes in general. Interestingly, the observed correlation was only 
found among ER-positive (breast) tumors not ER-negative tumors." (See page 412, left column). 

Moreover, the analytical methods utilized by Hu et al have certain statistical drawbacks, 
as the authors themselves admit. For instance, according to Hu et al, "different statistical 
methods" were applied to "estimate the strength of gene-disease relationships and evaluated the 
results." (See page 406, left column, emphasis added). Using these different statistical methods, 
Hu et al "[a]ssessed the relative strengths of gene-disease relationships based on the frequency 
of both co-citation and single citation." (See page 41 1, left column). As is well known in the 
art, different statistical methods allow different variables to be manipulated to affect the resulting 
outcome. In this regard, the authors disclose that, "Initial attempts to search the literature " using 
the list of genes, gene names, gene symbols, and frequently used synonyms generated by the 
authors "revealed several sources of false positives and false negatives." (See page 406, right 
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column). The authors add that the false positives caused by "duplicative and unrelated meanings 
for the term" were "difficult to manage." Therefore, in order to minimize such false positives, 
Hu et al disclose that these terms "had to be eliminated entirely, thereby reducing the false 
positive rate but unavoidably under-representing some genes." Id. (emphasis added). Hence, Hu 
et al had to manipulate certain aspects of the input data, in order to generate, in their opinion, 
meaningful results. Further, because the frequency of citation for a given molecule and its 
relationship to disease only reflects the current research interest of a molecule, and not the true 
biological function of the molecule, as the authors themselves acknowledge, the "[relationship 
established by frequency of co-citation do not necessarily represent a true biological link." (See 
page 411, right column). Therefore, based on these findings, the authors add, "[t]his may reflect 
a bias in the literature to study the more prevalent type of tumor in the population. Furthermore, 
this emphasizes that caution must be taken when interpreting experiments that may contain 
subpopulations that behave very differently." Id. (Emphasis added). In other words, some 
molecules may have been underrepresented merely because they were less frequently cited or 
studied in literature compared to other more well-cited or studied genes. Therefore, Hu et al.'s 
conclusions are not based on genes/mRNA in general. 

Appellants submit that, based on the nature of the statistical analysis performed herein, 
and in particular, based on Hu's analysis of only one class of genes, namely, the estrogen 
receptor (ER)-positive breast tumor genes, the conclusions drawn by the Examiner, namely that, 
"genes displaying a 5 -fold change or less (mRNA expression) in tumors compared to normal 
showed no evidence of a correlation between altered gene expression and a known role in the 
disease (in general)" is not reliably supported. 

In conclusion, when the proper legal standard is used, a prima facie case of lack of utility 
has not been met based on the cited references Pennica et ah, Haynes et al. or Hu et ah by the 
Examiner. 

On the contrary, Appellants submit that Example 170 in the specification discloses 
evidence to show that the PRO 1097 gene is amplified in lung or colon cancers, and is therefore 
useful in the diagnosis of these cancers. 

Thus, based on the asserted utility for the PRO 1097 gene in the diagnosis, of selected lung 
or colon tumors, the reduction to practice of the instantly claimed nucleic acid sequence of SEQ 
ID NO: 348 in the present application (also see page 305), the disclosure of the step-by-step 
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protocols for making and isolating cDNA clones encoding PRO1097 of SEQ ID NO:348 at least 
in Example 107, page 489 of the specification, the disclosure of a step-by-step protocol for 
expressing PRO1097 cDNA in appropriate host cells (in Examples 140-143 and page 376, line 
12), the step-by-step protocol of the gene amplification assay in Example 170, the skilled artisan 
would know exactly how to make and use the claimed nucleic acids for the diagnosis of lung or 
colon cancers. Appellants submit that based on the detailed information presented in the 
specification and the advanced state of the art in oncology, the skilled artisan would not have 
found any experimentation associated with testing lung or colon tumors, given the present 
disclosure, 'undue'. 

Therefore, since the instantly claimed invention is supported by either a credible, specific 
and substantial asserted utility or a well-established utility, and since the present specification 
clearly teaches one skilled in the art "how to make and use" the claimed invention without undue 
experimentation, Appellants respectfully request reconsideration and reversal of this outstanding 
rejections under 35 U.S.C. §101 and §112, First Paragraph to Claims 124, 129-131 and 135-145. 

CONCLUSION 

For the reasons given above, Appellants submit that present specification clearly 
describes, details and provides a patentable utility for the claimed invention. Moreover, it is 
respectfully submitted that based upon this disclosed patentable utility, the present specification 
clearly teaches "how to use" the presently claimed nucleic acid. As such, Appellants respectfully 
request reconsideration and reversal of the outstanding rejection of claims 124, 129-131 and 135- 
145. 

Respectfully submitted, 



Date: November 14, 2005 




Reg. No. 33,055 

HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650)324-0638 



16 



VIII, CLAIMS APPENDIX 
Claims on Appeal 

124. An isolated nucleic acid comprising: 

(a) the nucleic acid sequence of SEQ ID NO: 348; 

(b) the full-length coding sequence of the nucleic acid sequence of SEQ ID NO: 348; 

or 

(c) the full-length coding sequence of the cDNA deposited under ATCC accession 
number 203044. 

129. The isolated nucleic acid of Claim 124 comprising the nucleic acid sequence of 
SEQ ID NO: 348. 

130. The isolated nucleic acid of Claim 124 comprising the full-length coding 
sequence of the nucleic acid sequence of SEQ ID NO: 348. 

131 . The isolated nucleic acid of Claim 124 comprising the full-length coding 
sequence of the cDNA deposited under ATCC accession number 203044. 

135. A vector comprising the nucleic acid of Claim 1 24. 

136. The vector of Claim 135, wherein said nucleic acid is operably linked to control 
sequences recognized by a host cell transformed with the vector. 

137. A host cell comprising the vector of Claim 135. 

138. The host cell of Claim 137, wherein said cell is a CHO cell, an E. coli or a yeast 

cell. 

139. An isolated nucleic acid molecule consisting of a fragment of the nucleic acid 
sequence of SEQ ID NO: 348, or a complement thereof, of at least 20 nucleotides in length that 
hybridizes under stringent conditions to: 

(a) the nucleic acid sequence of SEQ ID NO: 348 or a complement thereof; 

(b) the full-length coding sequence of the cDNA deposited under ATCC accession 
number 203044 or a complement thereof; 
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wherein, said stringent conditions use 50% formamide, 5X SSC, 50 mM sodium 
phosphate (pH 6.8), 0,1% sodium pyrophosphate, 5X Denhardt's solution, sonicated salmon 
sperm DNA (50 (ig/ml), 0.1% SDS, and 10% dextran sulfate at 42°C, and washes at 42°C in 
0.2X SSC, at 55°C in 50% formamide followed by a high-stringency wash at 55°C in 0.1X SSC, 
EDTA; wherein said isolated nucleic acid molecule is suitable for use as a PCR primer or probe. 

140. The isolated nucleic acid molecule of Claim 139 that is at least 50 nucleotides or 
above in length. 

141. The isolated nucleic acid molecule of Claim 139 that is at least 60 nucleotides or 
above in length. 

142. The isolated nucleic acid molecule of Claim 139 that is at least 70 nucleotides or 
above in length. 

143. The isolated nucleic acid molecule of Claim 139 that is at least 80 nucleotides or 
above in length. 

144. The isolated nucleic acid molecule of Claim 139 that is at least 90 nucleotides or 
above in length. 

145. The isolated nucleic acid molecule of Claim 139 that is at least 100 nucleotides or 
above in length. 
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Items 1-5 were made of record by the Examiner in the Office Action mailed April 30, 2004. 

Items 3-4 and 6 were made of record by the Examiner in the Final Office Action mailed October 
20, 2004. 

Item 7 was submitted with the Appellants' Response filed on August 25, 2005 and whose entry 
was indicated as acceptable in a telephone conference with Examiner Wegert on August 24, 
2005. 
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Genetic Instability in Epithelial 
Tissues at Risk for Cancer 
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Abstract: Epithelial tumors develop through a multistep process driven by 
genomic instability frequently associated with etiologic agents such as pro- 
longed tobacco smoke exposure or human papilloma virus (HPV) infection. 
The purpose of the studies reported here was to examine the nature of genomic 
instability In epithelial tissues at cancer risk in order to identify tissue genetic 
biomarkers that might be used to. assess an individual's cancer risk and 
response to chemopreventive intervention, As part of several chemopreventlon 
trials, biopsies were obtained from risk tissues (Le>, bronchial biopsies from 
chronic smokers, oral or laryngeal biopsies from individuals with premallg- 
nancy) and examined for chromosome Instability using in situ hybridization. 
Nearly all biopsy specimens show evidence for chromosome instability 
throughout tue exposed tissue, increased chromosome instability was observed 
With histologic progression in the normal to tumor transition of head and neck 
squamous cell carcinomas. Chromosome instability was also seen in premalig- 
nant head and neck lesions, and high levels were associated with subsequent 
tumor development In bronchial biopsies of current smokers, the level of 
ongoing chromosome instability correlated with .smoking intensity (eg., 
packs/day), whereas the chromosome index (average number of chromosome 
copies per cell) correlated with cumulative tobacco exposure (i.e., pack-years). 
Spatial chromosome analyses of the epithelium demonstrated multifocal clonal 
outgrowths. In former smokers, random chromosome instability was reduced; 
however, clonal populations appeared to persist for many years, perhaps 
accounting for continued lung cancer risk following smoking cessation. 

Keywords: chromosome instability; epithelial cells; aerodigestive tract; 
chemoprevention; cancer risk 



THE NEED FOR BIOMARKERS OF CANCER RISK AND 
RESPONSE TO INTERVENTION 

Epithelial cancers remain a major health challenge in the world. Despite improve- 

- ments in staging mid the ^ 

chemotherapy, the 5-year survival rate for individuals with lung cancer is only about 
15ft. 1 Even if strategies for early detection are successful and long cancers 
are detected at a stage where local tumor resection and treatment is curative, 
these patients will still be at significant risk for developing second primary tumors 

Address for correspondence: Dr. Walter N. Hittelman, Department of Experimental Thera- 
peutics, The University of Texas M. D. Anderson Cancer Center, 1515 Holcombe Blvd. (Box 
19), Houston, Texas 77030. Voice: 713-792-2961; fax: 713-792-3754. 
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associated with the problem of field cancerization. 2 Similarly, for individuals with a 
first head and neck primary tumor, even if the first malignancy is successfully treat- 
ed, the risk of developing a second primary in the tobacco smoke-exposed field is 
approximately 40%. 3 Similar cancer risk estimates exist for individuals who exhibit 
severe dysplasia in pfemalignant epithelial lesions. 4 For these reasons, it is important 
to focus on chemopreventive strategies to prevent the development of epithelial 
malignancies. 

. Several problems confront chemoprevention trials designed to identify effica- 
. cious agents. 5 First, chemoprevention trials with cancer incidence as a primary end- 
point require tens of thousands of subjects and tens of years of intervention and 
follow-up for statistical evaluation. For example, a recently reported trial involved 
30,000 subjects and required 10 years in order to examine the impact of prevention 
strategies on lung cancer development, only to find a possible increased lung cancer 
incidence in current smokers who received ^-carotene. 6 

The problem of large, long-term trials results from the difficulty in identifying 
individuals at highest cancer risk who might best benefit from chemopreventive 
intervention. For example, 20 pack-year smokers, while known to be at relatively 
increased risk for developing lung cancer, have approximately a 10% lifetime risk 
for developing lung cancer/ This seriously limits the number of potentially useful 
— Strateg i eS- t hat ra n hp , f, 1 i ni r a lljigrpln rp/1 A s<y . nnd prnh lam faring rh f.ninprfv^nt ion _ 
trials is that little is known about what agents are likely to have efficacy, and even 
less is known regarding proper doses, schedules, and durations of treatment Part of 
the reason for this problem is that too little is known about the physiologic processes 
that drive epithelial cancer development 

In order to reduce the number of subjects and the time required to carry out 
chemoprevention trials and thus allow the exploration of multiple prevention strate- 
gies, two types of advances are necessary. First, it is important to identify individuals 
at significantly increased cancer risk who might best benefit from different types of 
intervention. Second, in order to allow the rapid identification of agents, doses, and 
schedules of potentially efficacious agents, it is necessary to identify and validate 
surrogate endpoints of response that indicate whether die agents are having a posi- 
tive impact on the target tissue during the chemopreventive intervention. 

One approach to identifying individuals at increased aerodigestive tract cancer 
risk is to explore epidemiologic features of potential subjects. Molecular epidemio- 
logic studies are beginning to identify intrinsic host factors that place some individ- 
uals at increased cancer risk, especially those with a chronic smoking history. 8 Most 
intrinsic factors identified thus far reflect levels of carcinogen metabolism, repair 
capabilities of the host following DNA damage, and other measures of intrinsic 
"cellular sensitivity to mutagens. Whilelhese factors can providestatistically signif" 
. icant risk ratios in case-control studies that are controlled for tobacco exposure, the 
detected risk ratios usually fall in the range of 1.5 to 10. Unfortunately, this is not 
sufficient for the individualization of treatment and is not sufficiently high to signif- 
icantly reduce the numbers of subjects required for chemoprevention trials with 
cancer incidence as the primary endpoint. 

Another approach to identifying individuals at increased cancer risk is to directly 
examine the target tissue of individuals with known carcinogen exposure (e.g., 
chronic tobacco smoke exposure), who have evidence of target organ dysfunction 
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(e.g., chronic obstructive pulmonary disease, changes in voice quality), or who 
have clinical evidence of premalignancy (e.g., bronchial metaplasia/dysplasia, oral 
leukoplakia/erythropiakia, cervical intraepithelial neoplasia). The conventional 
standard for assessing cancer risk in these situations is the degree of histological 
change. However, while individuals who show moderate to severe dysplasia are 
known to be at increased cancer risk when compared to individuals with lesser his- 
tologic changes, it is often difficult to distinguish reactive changes to carcinogenic 
insult from initiated and progressing lesions. Similarly, upon cessation of carcino- 
genic insult, histologic changes may reverse yet cancer risk may continue for many 
years. For example, while smoking cessation is associated with decreased bronchial 
metaplasia; 9 increased lung cancer risk continues for many years beyond smoking 
cessation. 10 In fact, nearly half the newly diagnosed lung cancer cases in the USA 
occur in former smokers. 1 1 

The development of assays to identify individuals at high epithelial cancer risk 
and to directly assess response to intervention in the target tissue is therefore an 
important research goal. Such assays should be objective and easily quantifiable and, 
if possible, minimally invasive. Moreover, they should reflect both the disease pro- 
cess and the targeted pathway and thereby be useful in assessing risk and monitoring 
response to intervention as well as directly testing the hypothesized mechanism of 
-action-o f the c hemop reventive sfrategy, . __ 

In the chemoprevention setting it is important to recognize that one does not 
know the location of the future cancer. Thus, assays must necessarily be carried out 
on random biopsies of the field at risk. Even if mere are clinically evident premalig- 
nant lesions, this does not mean that this is the likely site for a future malignancy. 
For example, nearly half of the cancers that develop in individuals with oral leuko- 
plakia arise away from the original index lesion. Similarly, since many newly diag- 
nosed lung cancers arise in the peripheral parts of the lung (e.g. ( adenocarcinomas), 
especially in former smokers, and since endobronchoscopy predominantly accesses 
central components of the lung, it is important to identify biomarkers that can reflect 
global processes ongoing in the target epithelial field associated with increased can- 
cer risk. Their discovery requires a better understanding of the tumorigenesis pro- 
cess in epithelial fields at cancer risk. 



THE RATIONALE FOR STUDYING 
GENOMIC INSTABILITY AS A MARKER OF RISK 

T^ors of me aerddipstive~u^f 
tion" process whereby the whole tissue is exposed to carcinogenic insult (e.g., tob- 
acco smoke) arid is at increased risk for multistep tumor development 12 ' 13 Several 
types of clinical and laboratory data support this notion, including the frequent 
occurrence of synchronous primary and subsequent second primary tumors in the 
aerodigestive tract (frequently exhibiting dissimilar histologies as well as distinct 
genetic signatures 14 - 16 ) and the presence of premalignant lesions that precede and/or 
accompany the tumor in the exposed tissue field. 17 The notion of a multistep tumor- 
igenesis process is further supported by serial clinical and histologic evaluations of 
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target tissue or exfoKated cells where increasing degrees of histological abnormali- 
ties are observed over time. 18 

A working model for aerodigestive tract tumorigenesis is illustrated in Rgurb 1. 
T\imori|genesis in the face of carcinogenic exposure likely involves a chronic process 
of tissue injury and wound healing. DNA damage induced by the carcinogen is likely 
fixed into permanent genetic changes (e.g., chromosome damage, chromosome non- 
disjunction, gene mutation, gene deletion, etc.) during the process of proliferation. 
This damage would be expected to be distributed throughout the exposed tissue field 
leading to a background of generalized genomic damage (depicted in Figure 1 as a 
background mat of increasing density). Chronic injury and repair likely leads to the 
accumulation of cells with increasing amounts of genetic changes as well as the out- 
growth of abnormal clones (triangles in Figure 1) carrying an accumulation of 
genetic changes important for selective survival, dysregulated growth, and preferen- 
tial epithelial take-over by initiated clones (see Figure 2). 

Cellular and molecular evidence for the field carcinogenesis and multistep tum- 
origenesis model comes from many laboratories. 19 * 20 With the advent of a wide array 
of molecular technologies, a large number of specific molecular genetic and epige- 
netic changes involving specific oncogenes, tumor suppressor genes, cell regulatory 
genes, and repair genes have now been described for aerodigestive tract cancers. The 
i de ntifi ca ti on of t hese spe c ifi c mo lecular changes have now provided probes to 
explore specific events occurring in premalignant lesions adjacent to aerodigestive 
tract tumors. 21 - 24 Frequently, these premalignaht lesions showed a subset of the 
same molecular changes found in the associated tumor, suggesting that these lesions 
might represent precursor lesions for the associated tumors (i.e., a manifestation of 
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FIGURE 1. Field cancerization and multistep tumorigenesis. 
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FIGURE 2. Multiple focal clonal evolution during multistep tumorigenesis. 



a multistep tumorigenesis process). For example, studies of the premalignant lesions 
adjacent to head and neck tumors have provided evidence for a gradual accumulation 
of genetic alterations accompanied by evidence for dysregulation of cellular control 
mechanisms (e.g., alterations in expression of PCNA, EGFR, TGF-B, p53, and 
cyclinDl). 2 *- 28 

These types of studies have now also been applied to the target epithelium of indi- 
viduals at increased risk for aerodigestive tract cancer (i.e., individuals with a chron- 
ic smoking/alcohol history and/or prior aerodigestive tract cancer). Several groups 
(using polymerase chain reaction, PCR, analysis of microdissected epithelium) have 
now demonstrated the presence of clonal outgrowths in the target premalignant epi- 
thelium of individuals at increased risk for cancer. 2 ?"" 31 For example, examination of 
bronchial biopsies derived from individuals with a 20 pack-year smoking history 
demonstrated that 76% of the cases showed evidence for LOH (3pl4, 9p21 t or 
1 7p 1 3) in at least one of six lung biopsy sites. On a per site basis, some form of LOH 
was observed in 25% of the sites examined. 29 

If aerodigestive tract cancer development reflects a field cancerization process 
involving multistep events; men risk" and response itformation should beablelo be 
derived from random biopsies or exfoliated cells from the field at risk or from assess- 
ments of tissue undergoing similar processes. Hypothetically, lesions exhibiting the 
greatest degree of genomic instability, clonal outgrowth, and abnormal epithelial 
regulation would be at the highest relative aerodigestive tract cancer risk. Similarly, 
an active chemopreventive intervention might be expected to decrease these mani- 
festations of risk. Reduced risk manifestations include decreased levels of ongoing 
genetic instability, decreased frequency of clonal outgrowths, and increased epithe- 
lial growth regulation. 
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THE MEASUREMENT OF CHROMOSOME INSTABILITY USING 
CHROMOSOME IN SITU HYBRIDIZATION 

Molecular genetic techniques, while extremely useful for detecting clonal chang- 
es in targets tissues, are somewhat limited in their ability to detect random genetic 
instability. Conventional cytogenetic assays are useful for detecting chromosome 
instability and clonal chromosome changes. However, they require numbers of 
dividing cells for karyotypic analysis that, are difficult to attain in the setting of biop- 
sies acquired during the course of a chemoprevention trial. A technique was there- 
fore needed that would allow chromosome instability measurements in situations 
where few cells are available (e.g. small biopsies, brushings, or sputum samples) and 
where the target material might be fixed. It was also desirable to have a technique 
that would be adaptable to tissue sections, whereby spatial information could be 
retained and genotype/phenotype associations could be determined on the same or 
adjacent tissue sections. The technique of in situ hybridization (ISH) involves the 
use of DNA probes that recognize either chromosome-specific repetitive target 
sequences, chromosome single gene copy sequences, or sequences along the whole 
chromosome length or chromosome segments. 32 We have adapted the ISH technique 
for formalin-fixed, paraffin-embedded tissue sections and have applied it to a variety 
of tissues, including the aerodigestive tract 33 ' 34 

Using probes that label the centromere regions of specific chromosomes, this 
assay permits determination of the average chromosome number per cell for each 
specimen. This assay is also useful for detecting generalized chromosome instability 
during the tumorigenesis process. Normal diploid populations should have two cop- 
ies of each autosomal chromosome and should rarely show three or more chromo- 
some copies per cell (chromosome polysomy), especially in tissue sections where 
nuclear truncation results in an wider-representation of chromosome copy number. 
Thus, the detection of cells with three or more chromosome copies would indicate 
the presence of chromosome instability. 

To examine this technique's potential for characterizing the multistep tumorigen- 
esis process in the aerodigestive tract, we measured the fraction of cells exhibiting 
three or more chromosome copies in apparently contiguous epithelial transitions 
from normal to hyperplastic to dysplastic to carcinomas, all on a single tissue slice 
of head and neck squamous cell carcinomas. 34 In these specimens, greater than 35% 
of the cases of adjacent "normal" epithelium, greater than 65% of the cases of hyper- 
plastic epithelium, and greater than 95% of the dysplastic and tumor regions showed 
evidence of chromosome polysomy. Of interest, similar transitions of chromosome 
instability were observed with at least four different chromosome probes. Similar 
tren ds have also been observed in amenabl e tissue from other epithelial mali g nan- 
cies, including cervix, bladder, and breast 35 These results thus suggested that the 
notions of field cancerization and multistep tumorigenesis might apply to several 
epithelial tissues and that measures of chromosome instability might be useful for 
monitoring this process. 

In the situations described above, the premalignant lesions examined might be 
considered to represent epitheiium at 100% risk of being in a cancer field, since they 
were located in the adjacent epithelium to the cancer. This then raises the question 
of the nature of genetic instability in the epithelium of individuals at increased risk 
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for developing cancer. To explore this issue, we obtained biopsies during the course 
of leukoplakia chemoprevention trials exploring the use of 13-cfr-retinoic acid in 
reversing leukoplakia and probed them for genetic instability using in situ hybridiza- 
tion. In one retrospective study and in one prospective study of subjects with oral 
leukoplakia, the results indicate that those subjects whose pretreatment biopsies har- 
bor relatively high levels of genomic instability (i.e., more than 3% of the cells 
examined showing at least 3 chromosome 9 copies per cell) have a significantly 
higher likelihood 6f suffering early onset of head and neck cancer, 36,37 Interestingly, 
half of the tumors that did develop occurred away from the biopsy site used to mea- 
sure genetic instability. This result suggests that genomic instability measurements 
in carcinogen-exposed tissue can provide useful cancer risk estimates. 



THE RELATIONSHIP BETWEEN TOBACCO EXPOSURE AND 
CHROMOSOME INSTABILITY 

In recent years, the aerodigestive tract chemoprevention group at M.D. Anderson 
Cancer Center has initiated three sequential biomarker-associated chemoprevention 
trials involving chronic smokers with a greater than 20 pack-year smoking history. 
-4n-each-0f4hese^tud£es r endQbronchiaWo^ 

within the lung, including the carina and at bifurcation points at the upper, middle, 
and lower right lung and at the upper and lower left lung. Biopsies were obtained pri- 
or to and following chemopreventive intervention and were subjected to in situ 
hybridization analysis in addition to analyses for other biomarkers. The first impor- 
tant finding was that some degree of chromosome polysomy was evident in all lung 
sites examined, and this was observed independently of the particular chromosome 
probe utilized. 38 This finding supports the notion that random chromosome changes 
may be occurring throughout the exposed lung field. 

In a second study, bronchial biopsies were obtained from individuals with a 20 
pack-year smoking history. In this study, most of the subjects involved were current 
smokers. 39 Interestingly, all cases who showed metaplasia at one of six biopsy sites 
also showed chromosome polysomy in at least one biopsy site; overall, 88% of the 
sites showed some evidence of chromosome 9 polysomy. 40 Evidence for genetic 
instability was also detected in patients who did not show evidence of bronchial 
metaplasia in any of six biopsy sites despite a strong smoking history. In fact, more 
than 90% of the cases and more than 60% of the sites showed significant chromo- 
some polysomy (i.e., at least three copies in at least 2 % of the cells examined). 
These results suggest that the lungs of long-term smokers show significant evidence 
of g enetic instabilit y, and this inst abilit y can be detected throughout the accessible 
bronchial tree, even when bronchial metaplasia is not evident. . 

These studies in current smokers has allowed us to examine the relationship 
between the levels of genetic instability detected and subject characteristics such as 
smoking status (current or former), smoking history, and lung tissue pathologic 
changes. Evaluable biopsy material has now been obtained from more than 108 cur- 
rent smokers, including more than 480 evaluable biopsy sites. The mean metaplasia 
index in these current smokers was 30.4%. For the total population studied, the 
median chromosome index for the bronchia] biopsies was 1.41 (range, 1.04-1.61) 
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arid the median chromosome polysomy index was 2.0% (range 0-8.7%). This can be 
compared to a mean chromosome index between 1.2-1.4 for lymphocytes and very 
fare chromosome polysomy. Interestingly, the intrasubject variability in chromo- 
some instability was relatively low in most subjects and was less than the intersub- 
ject variability. These results suggested that chronic smokers harbor detectable 
chromosome instability throughout the accessible bronchial tree (supporting the 
field carcinogenesis notion) and that information from one biopsy site might yield 
representative information for the rest of the lung field. 

Since most of the current smokers exhibited bronchial metaplasia in at least one 
of the biopsied sites, this allowed us to examine the relationship between chromo- 
some instability and histologic changes, both on a site-by-site basis and on a per case 
basis. On a site-by-site basis, the chromosome indices of lesions showing squamous 
metaplasia were similar to those not showing metaplasia (i.e., median 1.43 vs. 1.43), 
arid die degree of chromosome polysomy in metaplastic lesions were only slightly 
higher than in non-rnetaplastic sites (medians: 2.2% vs. 1.8%, respectively). Thus, 
the presence or absence of squamous metaplasia at a biopsy site does not necessarily 
correlate with the degree of underlying genomic instability. On the other hand, those 
subjects with metaplasia indices of at least 15% also showed higher levels of chro- 
mosome polysomy than did subjects with metaplasia index below 15% (medians: 
%A% YS. U%. P = 0.005). Thus, these chromosome in stability assessments in cur- 
rent smokers appeared to reflect a more global process in the lung field. 

Tobacco exposure has been shown to significantly increase the risk of developing 
lung cancer, and the degree of risk is related to the extent of tobacco exposure. We 
were interested in determining the relationship between individuals' smoking histo- 
ry parameters and the levels of chromosome change found in their lungs following 
years of tobacco exposure. While there was significant intersubject variation for sim- 
ilar tobacco exposure histories, overall there was a significant correlation between 
the degree of chromosome polysomy and the intensity of ongoing tobacco exposure 
(packs/day, p = 0.02 on a per site basis) and with the extent of tobacco exposure 
(pack-years, p - 0.003). TTius the amount of chromosome polysomy reflects the 
intensity and extent of tobacco exposure. At the same time, individuals with similar 
smoking histories showed widely divergent amounts of chromosome polysomy, pos- 
sibly reflecting differences in intrinsic sensitivity between subjects. There was. also 
strong correlation between the chromosome index and the duration of the smoking 
history (smoking years) and total accumulated exposure (pack-years, p = 0.0001). 
These results suggest that tobacco exposure is associated with the initiation and 
accumulation of chromosome instability in the exposed lung; however individuals 
are differentially sensitive to carcinogenic insult The working hypothesis is that 
those individuals who accumulate the hi ghest degree of chromosome changes will 
be at the highest lung cancer risk. 

Many of the bronchial biopsies from chronic smokers examined by in situ hybrid- 
ization showed a rise in the chromosome index above that expected for a diploid cell 
population, especially in subjects with an extensive smoking history. The rise in 
chromosome index was also accompanied by an increase in the fraction of cells 
exhibiting at least 3 chromosome copies per cell. To determine if a rise in the tissue 
chromosome index was due to clonal expansion of populations with chromosome tri- 
somy, the chromosome copy number and relative coordinates of each cell scored in 
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the bronchial epithelium was recorded and a spatial genetic map was created. 41 We 
then developed algorithms for calculating localized chromosome indices within the 
tissue. Since trisomic clones would have, on average, three chromosomes instead of 
. two, those cells involved in neighborhoods with chromosome indices three-halves 
that of diploid populations could be marked as being part of a trisomic clone. Simi- 
. ldrly, groups of cells with chromosome indices half that of diploid populations could 
be marked as being part of a monosornic clone. This allowed the generation of a sec- 
ond-order, two-dimensional genetic map representation of the bronchial epithelium 
showing the relative locations of cells involved in monosornic and trisomic clonal 
outgrowths. When adjacent tissue sections from the same bronchial biopsy were 
probed separately for different chromosomes, the detected clones appeared to occu- 
py separate subregions of the epithelium. This result suggests that not only are the 
lungs of chronic smokers undergoing a process of genetic instability, they are expe- 
riencing the outgrowth of multiple clones throughout the exposed lung field, as pos- 
tulated by the models shown in Figures 1 and 2. One advantage of this clonal 
approach is that the contribution of both monosornic and multisomic clones can be 
detected. 

Since smoking cessation has been suggested to reduce the lung cancer risk, it was 
of interest to determine whether the levels of chromosome instability would decrease 
following smoking cessation. This question was possible to examine because our 
third sequential chemoprevention trial involved subjects who had discontinued 
smoking. So far, more than 220 subjects (more than 650 biopsies) who have quit 
smoking (mean 9.9 quit-years) have been evaluated for chromosome instability in 
their lungs. Despite the fact that the mean metaplasia index in this group is 5.8% 
(considerably less than that in current smokers), chromosome instability is still 
observed in the majority of subjects. 42 While the mean chromosome polysomy level 
is reduced to 1.0%, some individuals continue to show polysomy levels above 5%. 
Interestingly, while the overall chromosome polysomy levels were reduced in these 
individuals who stopped smoking, the mean chromosome index remained at about 
1.4 with some individuals exhibiting chromosome indices as high as 1.8. Initial chro- 
mosome mapping studies suggest that while random chromosome instability seems 
to decrease following smoking cessation, the clonal outgrowths may remain for 
many years in the lung. The working hypothesis is that those individuals who show 
the greatest degree of remaining chromosome instability are at the highest lung can- 
cer risk despite smoking cessation. Long-term follow-up on these subjects will be 
necessary to test this hypothesis. 



SUMMARY AND CONCLUSIONS 

Aerodigestive tract tumorigenesis appears to be a multistep process taking place 
throughout the tissue fieids of exposure. When viewed in the context of chromosome 
changes, carcinogen exposure appears to be associated with the random acquisition 
of chromosome polysomy throughput the exposed field, the degree of which is relat- 
ed to the degree and extent of carcinogen exposure as well as to the instrinsic suscep- 
tibility of the exposed individual. Continued exposure leads to continued acquisition 
of new changes and, in association with chronic wound-healing processes, to the 
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accumulation of clonal outgrowths throughout the target tissue. Although the ulti- 
mate malignancy may occur in only one or few tissue sites, manifestations of the 
instability process that drives tumorigenesis is globally present in the tissue. Thus 
random) biopsies may provide useful risk information for the exposed field as a 
whole. Even when carcinogen exposure is reduced or chemopreventive strategies are 
initiated and histologic manifestations of the tumorigenesis process subside, the 
genetic scars of prior exposure remain' in the form of clonal outgrowths and may 
explain continued lung cancer risk in ex-smokers. Future chemoprevention strategies 
need to focus on reducing the degree of chromosome instability and on trying to 
eliminate residual abnormal clonal outgrowths in the aerodigestive tract In this set- 
ting, the measurement of chromosome instability in the target tissue will be useful in 
assessing cancer risk as well as response to intervention. 
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Abstract 

Karly identification and subsequent intervention are 
needed to decrease the high mortality rate associated with 
lung cancer. Ilie examination of bronchial epithelium for 
genetic changes could be a valuable approach to identify 
individuals at greatest risk. The purpose of this 
investigation was to assay cells recovered from 
nonmalignant bronchial epithelium by fluorescence in situ 
hybridization for trisomy of chromosome 7, an alteration 
common in non-small cell lung cancer. Bronchial 
epithelium was collected during bronchoscopy from 16 
cigarette smokers undergoing clinical evaluation for 
possible lung cancer and from seven individuals with a 
prior history of underground uranium mining. Normal 
bronchial epithelium was obtained from individuals 
without a prior history of smoking (never smokers). 
Bronchial cells were collected from a segmental bronchus 
in up to four different hing lobes for cytology and tissue 
culture. Twelve of 16 smokers were diagnosed with lung 
cancer. Cytological changes found in bronchial epithelium 
included squamous metaplasia, hyperplasia, and atypical 
- glandular cells.-These changes-were present-in-33,-12, and 
47% of sites from lung cancer patients, smokers, and 
former uranium miners, respectively. Less than 10% of 
cells recovered from the diagnotic brush had cytological 
changes, and in several cases, these changes were present 
within different lobes from the same patient. Background 
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frequencies for trisomy 7 were 1.4 ± 03% in bronchia) 
epithelial cells from never smokers. Eighteen of 42 
bronchial sites from lung cancer patients showed 
significantly elevated frequencies of trisomy 7 compared 
to never smoker controls. Six of the sites positive for 
trisomy 7 also contained cytological abnormalities. 
Trisomy 7 was found in six of seven patients diagnosed 
with squamous cell carcinoma, one of one patient with 
adenosquamous cell carcinoma, but in only one of four 
patients with adenocarcinoma. A significant increase in 
trisomy 7 frequency was detected in cytologkaDy normal 
bronchial epithelium collected from four sites in one 
cancer-free smoker, whereas epithelium from the other 
smokers did not contain this chromosome abnormality. 
Finally, trisomy 7 was observed in almost half of the 
former uranium miners; three of seven sites positive for 
trisomy 7 also exhibited hyperplasia. Two of the former 
uranium miners who were positive for trisomy 7 
developed squamous cell carcinoma 2 years after 
collection of bronchial ceils. To determine whether the 
increased frequency of trisomy 7 reflects generalized 
aneuploidy or specific chromosomal duplication, a 
subgroup of samples was evaluated for trisomy of 
chromosome 2; the frequency was not elevated in any 
of the cases as compared~with controls. The studies 
described in this report are the first to detect and 
quantify the presence of trisomy 7 in subjects at risk for 
lung cancer. These results also demonstrate the ability to 
detect genetic changes in cytologically normal cells, 
suggesting that molecular analyses may enhance the 
power for detecting premalignant changes in bronchial 
epithelium in high-risk individuals. 

Introduction 

Although lung cancer is the leading cause of cancer death in the 
. United-States41),_early_det^^ 

crease the high mortality rate associated with this disease if 
sensitive screening approaches could be developed (2-4). Early 
detection may be feasible because the entire respiratory tract is 
exposed to inhaled carcinogens; therefore, the whole lung is at 
risk for developing multiple, independently initiated sites. This 
"field cancerizadon" condition (5) is supported clinically by a 
high frequency of second primary rumors in lung cancer pa- 
tients (6-9) and by the occurrence of progressive histological 
premalignant changes throughout the lower respiratory tract of 
cigarette smokers {10, li). Moreover, recent studies using 
pathological tissues obtained after lung resection or autopsy 
have identified genetic aberrations associated With lung cancer 
in nonmalignant bronchial epithelium adjacent to tumors (12- 
16). 

Although examination of pathological samples is useful 
for identifying genetic changes associated with carcinogenesis, 
this invasive approach for collection of clinical samples nec- 
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essaiy for early detection would not be appropriate for screen- 
ing. However, bronchial epithelial cells harvested using routine 
clinical procedures could be examined for genetic changes as an 
initial approach for detecting individuals at high risk for lung 
cancer. This approach could also provide genetic markers for 
evaluating the effectiveness of chcraoprevention regimens. 
Bronchoscopy provides direct access to viable cells within the 
airways and is a commonly used tool for obtaining samples 
from the lower respiratory tract, including bronchial epithelium 
(17). This procedure can be used to repeatedly sample the 
bronchial epithelium over time and to collect viable cells that 
can be expanded through tissue culture tor functional assays. 

Because of field cancerization, genetic abnormalities 
should be dispersed throughout the bronchial epithelium of 
persons at risk for lung cancer. The purpose of this investiga- 
tion was to test this hypothesis by sampling nonmalignant 
bronchial epithelium from distinct locations within four differ- 
ent lobes of the lung from persons at risk for lung cancer and 
then assaying the bronchial cells for the presence of specific 
genetic abnormalities. Trisomy of chromosome 7 was exam- 
ined in these cells, because this alteration is common in solid 
tumors, including lung cancer, of several different organ sys- 
tems (18, 19). In addition, trisomy 7 has been detected in 
premalignant lesions such as villous adenoma of the colon (20), 
in the colonic mucosa of individuals with familial polyposis 
(21 ), and in the far margins of some resected lung tumors (22). 
Our results demonstrate that trisomy 7 can be detected in 
nonmalignant bronchial epithelium from patients with lung 
cancer distant to the site of the tumor and in individuals without 
tumors who are at high risk for lung cancer development. 
Together, these studies suggest that an extra copy of chromo- 
some 7 may he an intermediate biomarker of ongoing field 
carcinogenesis. 

Materials and Methods 

Subject Recruitment. Bronchial epithelium was collected 
from 16 cigarette smokers undergoing a diagnostic workup for 
possible lung cancer and from 7 individuals with a prior history 
of underground uranium mining, 5 of whom were also smokers. 
Three individuals who had never smoked were also recruited to 
obtain bronchial epithelium not exposed directly to either to- 
bacco smoke or radon progeny. 

Pathology and Exposure History. Twelve of the 16 cigarette 
smokers who underwent diagnostic bronchoscopy were diag- 
nosed with NSCLC. 3 Seven tumors were characterized histo- 
logically as SCCs, four tumors were ACs, and one tumor was 
an a deno squamou s cell carcin oma. Lung cancer was n ot evi- 
dent in the other four subjects. Smoking histories ranglriTrom ~ 
15 to 120 pack-years (defined as the number of cigarettes 
smoked per day times the number of years smoked). All of the 
former uranium miners worked underground between 2 and 20 
years, with a range of 27-527 working level months. Five of the 
seven miners had smoking histories that ranged from 20-60 
pack-years. 

Bronchoscope Collection and Processing of Bronchial Ep- 
ithelium. A protocol was developed for harvesting viable 
bronchial epithelium from the lower respiratory tract using a 
standard cytology brush during bronchoscopy. After introduc- 



tion into the lower respiratory tract, the bronchoscope was 
directed into each upper and lower lobe, and the carina] marfii n 
of a segmental orifice, usually the second and third birurcatiotj 
within the upper and lower lobes, respectively, was brushed 
These sites were chosen because (a) they are aigh-depositior> 
areas for particles; (b) they are associated frequently with 
histological changes in smokers; and (c) they represent sites 
where lumors commonly occur (11, 23). The area was first 
washed with saline to remove any nonadherent cells. Sites were 
not brushed if a tumor was visualized within 5 cm of the site" 
After brushing, the brush was withdrawn, placed in serum-free 
medium, and kept on ice until processed. Each site was brushed 
twice. The procedure was well tolerated by all subjects, and no 
complications were noted related to the brushing procedure. 

Bronchial cells were collected from only two of the sites 
in two of the subjects, from three sites in two subjects, and from 
all four sites in the remaining subjects. Although only two sites 
were brushed initially in case 1, cells were obtained from all 
four sites in this subject during a repeat bronchoscopy per- 
formed after the initial procedure did not yield a diagnosis. 
Samples were obtained from all four sites in the cancer-free 
current smokers and in the never smokers. In addition, bron- 
chial epithelial cells derived at autopsy by Clonetics, Inc. (San 
Diego, CA) from four never smokers were also obtained to 
serve as additional controls. Only two sites sampled from most 
of the former uranium miners were available for analysis be- 
cause cells recovered from the other sites had been used ex- 
clusively for cytology in another investigation. 4 , • 
Bronchia] Epithelial Cell Culture. Replicative cultures of the.: 
bronchial epithelial cells obtained by the procedure described:? 
above were established in our laboratory (24) using a seruimferf 
free medium (BEGM; Clonetics, Inc.) that is optima; for growth-VK 
of these cells. Cells were removed from brushes by vigorxm&f^ 
shaking in BEGM; cells from one brush were prepared for v ;J; 
cytological analyses, and cells from the other brush were^ 
washed, resuspended in BEGM, scedetl onto 60-mm fihronec^|| 
tin-coated plates, and grown at 37*C in 3% C0 2 and 21% Q^J| 
until 80% confluence. Prior to passage, aliquots of cells were)^|| 
cryopreserved and stored at -145°C; other samples of cclls^^ 
were fixed in methanol-acetic acid (3:1). Next, the cells wer^|||| 
washed four to six times in methanol :acetic acid and theffl|||| 
dropped onto slides (about 2 X 10 5 cclls/slide). The effects 
cell culture on the frequency of trisomy 7 in nonmalignan3^| 
bronchial epithelium were examined by placing cells dispersedi^ 
from brushes directly onto microscope slides followed by fix£j$|| 
ation. ■ 

Cytology. Cells from one brush from each bronchial coilectic^|p| 
-site were prepared for cytological analysis by smearing the cells|||||| 
across a microscope slide. The cells were then fixed with 96<w|||| 
cthanol and stained according to the Papanicolaou procedur^||j 
(25) to facilitate morphological evaluation by a cytopatho!ogis^|p 
Detection of Trisomy 2 and Trisomy 7. Trisomy 2 and HjlfljL 
somy 7 were determined by hybridization of cells with a 'bionJ|g|| 
nylated chromosome 2 or 7 centromere probe (Oncor; Gaith||§| 
crsburg, MD). The probes were denatured in hybridizatio^||^| 
buffer at 70°C for 5 nun, and the slides were immersed in 
fbnnamide-2x SSPE at 70°C for 2 min. The probe was th£§|& 
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applied to the slides, which were incubated in a hun'iidifi^^^p^' were examine 



? The abbreviations used are: NSCLC. nou-sma:) cell lung cancer, SCC, squa- 
mous cell cancer. AC. adenocarcinoma; £GFR. epidermal growth factor receptor; 
FISH, fluorescence in situ hybridization; LOH. toss of heterozygosity; BEGM. 
Bronchial Epithelium Growth Medium. 



chamher at 37°C for 16 h. After incubation, the slides v**!®^ 
washed in 0.25 x SSPE (10 mvt sodium phosphate rnonoi>ai#|g 
monohydrate; 1 mM ethyienedi amine tetraacetic acid diso ^ io ^^ 

Jill 



4 Unpublished data. 
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salt, dihydrate; 150 xhm sodium chloride, pH 7.4) for 5 min at 
72°C, and the probe was detected with fluorescein-labeled 
avidin. Ceil nuclei were visualized with propidium iodide. 
Data Analysis. The number of centroraeric hybridization sig- 
nals in each cell were evaluated in 400 cells/slide, and the 
frequency of trisomy 7 on each slide was calculated by dividing 
the total number of cells expressing three hybridization signals 
by the total number of cells counted on each slide. Twenty % 
of the slides were scored by a second person, and frequencies 
for trisomy 7 differed by <0.4%. The total number of sites 
positive for trisomy 7 in subjects with SCC and AC were 
compared using Fisher's exact test 

Results 

Cytology. Squamous metaplasia and atypical glandular cells, 
the only cytological abnormalities observed in lung cancer 
patients, were present in 32% of the samples (Table 1). These 
cytological changes were observed in <10% of the cells re- 
covered from the diagnostic brush. Two subjects had three sites 
with cytological abnormalities, and five subjects had no cyto- 
logical abnormalities. No samples contained tumor cells by 
cytology, although one of four sites in five subjects was col- 
lected from the same lobe where a tumor was later diagnosed. 

Two of the 16 sites in smokers without lung cancer were 
cytologicalry abnormal (both in the same person; Table 2), 
whereas no atypical cells were present in the 12 sites from the 
three never smokers (Table 3). In former uranium miners, 
hyperplasia was present in bronchial cells collected from all 
four sites from one person, and in one site in two additional 
people (Table 2). 

Culturing of Bronchial Epithelial Cells. The efficiency of 
establishing repiicative cultures of the cells obtained by bron- 
chial brushing was 100%. The serum-free medium used for 
these cultures is optimal for growiug bronchial epithelial cells 
and does not support fibroblastic cell replication (25). There- 
fore, the cells were uniformly epitheloid in appearance. Growth 
potential was evaluated by passaging cells from all seven of the 
uranium miner cases and cases 1-6 from the lung cancer 
patients. Some of these cultures were maintained for up to nine 
passages (a minimum of 16 population doublings), and many 
underwent 30 divisions before senescence. However, none ex- 
hibited an indefinite population-doubling potential. 
Detection of Trisomy 7 in Nomnalignant Bronchial Epithe- 
lium, Background rates of trisomy 7 were determined by ex- 
amining normal human bronchial epithelial cell lines derived 
from autopsy cases of never smokers and bronchial epithelium 
collectelTfrom^ 

chial cell lines (passage 2) from four donors and bronchial 
epithelial cell samples obtained by bronchial brushing from the 
recruited never smokers (Table 3), only 1.4 ± 0.3% (SD) of the 
ceils contained three hybridization signals for chromosome 7 
with values ranging from 1 to 1.8%. These values agree with 
those reported by the manufacturer of the probe. Therefore, 
trisomy 7 frequencies of >2.0% (>2 SD above the mean for 
controls) were considered significantly different from controls. 

Passage 1 or 2 bronchial cells from lung cancer patients 
were examined for trisomy 7. Eighteen of the 42 bronchial sites 
(43%). sampled from the 12 lung cancer patients contained 
trisomy 7 at frequencies ranging from 2.3 to 6.0% (Table 1 ; Fig. 
1). Three subjects (cases 1, 2, and 11 ) displayed trisomy 7 in all 
sites collected during bronchoscopy, and in two subjects (cases 
7 and 12), trisomy 7 was found in three of four sites (Table 1). 
Six of the 18 sites positive for trisomy 7 also contained cyto- 
logically abnormal cells. Trisomy 7 was found in six of seven 



Table I Frequency of disomy 7 in bronchial epithelial ceils from lung cancer 
paticnb . . 



CtiKC 


Age 


Smoking 
(pack-yrs) 


Tumor 
diagnosis 


Brush 
location 


CytoJogicaj 
diagnosis 


Trisomy 7 
(frequency, %) 


1 


64 


104 


SCC 


RLL° 


N 


2.{r 










RUt 


AGC 


4.0" 










RW 


N 


i fib 










RUl/ 


N 


4.0° 










1.1 } r 


iN 


6.0* 










UJU 


SM 


4.3* 


2 


69 


26 


SCC 


RUL 


SM 


2.8* 










LLL 


SM 


3.3** 










LUL 


N 


3.8* 


3 


65 


120 


SCC 


RLL 


AGC 


2.0 










RUL 


AGC 


2.3* 










LLL 


AGC 


2.0 , 


4 


52 


90 


AC 


RLL 


SM 


1.5 










RUL 


N 


1.8 










LLL 


SM 


1.5 










LUL 


SM 


1.8 


5 


70 


50 


SCC 


RIX 


N 


i.5 










RUL 


N 


1.5 










LLL 


N 


1.5 










LUL 


SM 


13 


6 


61 


93 


AC 


RLL 


N 


1.5 










RUL 


N 


1.3 










LLL 


N 


2.0 










LUL 


N ■ 


1.5 


7 


58 


40 


SCC 


RLL 


N 


1.8 










RUL 


N 


2.3* 










LLL 


N 


2.5* 










LUL 


N 


2.8* 


8 


59 


120 


AdSCC 


RLL 


N 


L5 










RUL 


N 


2.0 










LLL 


N 


2.5* 










LUL 


AGC 


2.0 


j 




71 


SCC 


RLL 


SM 


2.0 










RUL 


SM 


Z5* 


10 


63 


45 


AC 


RLL 


N 


1.0 










RUL 


N 


L8 










LLL 


N 


1.8 










LUL 


N 


1.3 


11 


61 


95 


AC 


LLL 


N 


2.5* 










LUL 


N 


2.8* 


12 


76 


17 


SCC 


RLL 


N 


2.0 










RUL 


N 


2.3* 










LLL 


N 


2.3* 










LUL 


N 


2.3* 



" RLL, right lower lobe; RUL, right upper lobe; LLL, left lower lobe; LUL, left 
upper lobe; AGC. atypical glandular cells; SM, squamous metaplasia; N, normal 
cells; AdSCC, adenosquamous carcinoma. 
~*/>^0~05li$^m!pa7^ 
c Resampled 4 months later. 



patients diagnosed with SCC, whereas only one of four patients 
with AC displayed disomy 7 in any site collected at bronchos- 
copy. Case 7, which had histological features of both SCC and 
AC, had one site positive for trisomy 7. The frequency of 
positive trisomy 7 sites in all patients with SCC within this 
small sample population was significantly greater than in AC 
patients (P < 0.005); 

The reproducibility of detecting trisomy 7 ai sites found to 
be positive for this abnormality was investigated in one patient 
(case 1) who required repeat bronchoscopy for clinical reasons. 
Trisomy 7 was increased similarly in the two sites brushed 
during both procedures, although cytological examination 
showed atypical cells in one site from the first bronchoscopy 
and cytological ly normal cells from the same site collected 
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Tabic 2 Frequency of trisomy 7 in bronchia] epithelial cells from canccr-frcc 
smokers and former uranium miners 



Case Age 


Smoking 
(pack-yrs) 


Radon exposure 

rlin ft u> 

(WLMsr 


Brush 
location 


Cytological 
diagnosis 


Trisomy 7 
(frequency, %) 


13 81 


15 


0 


RLL 


H 


1.8 








RUL 


AGC 


J.5 








LLL 


N 


1.8 








LUL 


SM 


2.0 


14 34 


24 


0 


RLL 


N 


1.3 








RUL 


N 


J 3 








LLL 


N 


1.0 








LUL 


N 


1.3 


15 68 


51 


0 


RLL 


N 


4.0* 








RUL 


N 


3.0* 








LLL 


N 


4.3* 








LUL 


N 


3.5* 


16 45 


30 


o 


RLL 


N 










RUL 


N 


JO 








ITT 


N 










LUL 


N 


1.0 


17 59 


8 


27 


LLL 


N 


-LIT 








LUL 


N 


i n* 

J.V 


18 65 


9 


516 


LUL 


N 


I .J 








RUL 


N 


■5 -aft 


19 64 


30 


235 


LUL 


N 


1.5 








RLL 


N 


1.0 


20 56 


0 


386 


LUL 


N 


2.0 








RLL 


N 


2.3* 


21 64 


0 


214 


RLL 


H 


1.8 


22 64 


9 


577 


LUL 


N 


L8 








RLL 


H 


0.8 


23 67 


3! 


124 


LLL 


H 


i.3 








LUL 


H 


2.R* 








RLL 


H 


2.5" 








RUL 


H 


33* 



a Abbreviations arc as indicated in Table 1 fbomotc. WLM, working level month; 
H. hyperplasia. 

h P < 0.05 as compared to never- smoker controls. 



during the second procedure (Table 1). The other two sites 
collected during the second bronchoscopy also showed elevated 
frequencies of trisomy 7 in this patient 

Trisomy 7 was detected in cytoiogically normal bronchial 
epithelium collected from four sites in one (case 15) of the 
cancer-free smokers (Table 2). Bronchial cells from the other 
smokers did not contain this chromosome abnormality. In the 
former uranium miners (cases 17-23), seven of 15 sites col- 
lected during bronchoscopy were positive for trisomy 7. Three 
„MJ^epos[^^ 

contained basal cell hyperplasia. However, the other four sam- 
ples positive for trisomy 7 showed no cytological abnormality. 

Two of the former uranium miners (cases 18 and 23) 
developed lung cancer within 2 years of bronchial cell collec- 
tion. SCC was diagnosed in the right upper lobe of both sub- 
jects. As noted in Table 2, both cases were positive for trisomy 
7 in the right upper lobe brushing site obtained at the initial 
bronchoscopy. 

Tissue Culture Effects on Trisomy 7 Expression in Bron- 
chial Epithelium. The effect of tissue culture on trisomy 7 
frequency was assessed by comparing the frequency of this 
chromosome abnormality in freshly isolated bronchial epithe- 
lium obtained directly from bronchial brushes ("preculture") to 
passage 1 cells. This comparison was conducted on cells col- 
lected from two different bronchial sites in three different 
subjects [(cases 11 and 16 and donor 7 (never smoker)]. Cul- 
tured samples positive for trisomy 7 in case 11 were also 



TahU3 Interphase analysis of chromosome 7 in normal human bronch^P 
epithelial ceilk 

Bronchial epithelial cell lines were established from never smokers (CbnefoTl 
after autopsy and from volunteers. The normal distribution of chromosome 7 con- 
number as detected hy HSU is shown by the percentage of ceiis exhibituie 12 
3. or 4 hybridization signals. Four hundred cells containing hybridisation si^i 
were counted per donor. 



Donor 


Age 


Brush 
location 


I 


Number of hybridization 
signals/cell {%) 

2 3 


— 

4 


1 


6 


NA* 


3.5 


92.0 


1.5 


3.0 


2 


17 


NA 


2.3 


95.5 


13 


1.0 


3 


15 


NA 


1.5 


94.7 


1.8 


2.0 


4 


41 


NA 


2.0 


94.8 


1.0 


23 


5 


45 


RLL 


1.0 


95.5 


1.8 


1.7 






RUL 


0.S 


983 


1.0 


0.2 
1.2 






LLL 


13 


96.5 


1.0 






LUL 


1.0 


963 


1.2 


13 


6 


35 


RLL 


J.0 


96.8 


1.0 


1.2 






RUL 


23 


933 


1.7 


23 






LLL 


2.0 


94.8 


13 


1.7 






LUL 


1.8 


94.2 


1.8 


2.2 


7 


33 


RLL 


03 


98.2 


0.8 


03 






RUL 


0.5 


97.2 


!3 


J.0 






LLL 


1.2 


96.8 


1.3 


0.7 






LUL 


1.0 


96.0 


13 


13 



" Abbreviations are as indicated in the legend to Table L NA. not applicable, 



positive in preculture cells from the same bronchial collection 
site, whereas sites negative for trisomy 7 in cultured cells from 
case 16 and the never smoker were also negative in preculture 
cells (data not shown). Values for trisomy 7 differed by <0.3% 
between preculture and cultured cells. The effect of passaging 
cells on the frequency of trisomy 7 was also examined [n 
bronchial cells from case 1. Trisomy 7 frequency was similar in 
cells from passages 1, 4, and 7. 

Frequency of Trisomy 2 in Nonmalignant Bronchial Epi- 
thelium. Aneuploidy has been detected in bronchial squamous 
metaplasia, a likely precursor to SCC (26). To determine 
whether the increased frequency of trisomy 7 detected in the 
current study reflects generalized aneuploidy or a specific chro- 
mosomal duplication, a subgroup of samples was evaluated for 
trisomy of chromosome 2. The frequency of trisomy 2 in never 
smokers was 1.5 ± 0.4% (data not shown). Bronchial cells 
from eight subjects, six of whom had elevated frequencies for 
Jrisomy 7, were evaluated. The frequency for trisom y of chro- 
mosome 2 did not differ from never smokers (Table 4). ~~ 



Discussion 

The studies described in this report are the first to detect and 
quantify an increase in trisomy 7 in the airway cells of subjects 
at risk for lung cancer. The presence of trisomy 7 appeared to 
be a specific chromosome gain and not due to generalized 
aneuploidy in these cells. In addition, trisomy 7 in" nonmalig- 
nant epithelium from lung cancer patients was associated with 
SCC tumor histology, suggesting that patients with this genetic 
change may be at greater risk for developing SCC than ether 
histological forms of lung cancer. This supposition was sup- 
ported by the fact that iwo cancer-free former uranium miners 
with bronchial ceils positive for trisomy 7 ultimately developed 
SCC. Finally, these results demonstrate the abDity to detect 
genetic changes in cytoiogically normal cells, suggesting that 
molecular analyses may enhance the power for detecting 
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Fig. 1. FISH for chromosome 7 in 
bronchial epiihelial cells. Trisomy 7 
is apparent in one celt from this, 
field. Magnification, X530. 




Table 4 Frequency of trisomy 2 in bronchial epilhcHiai cells from lung cancer 
patients, canccr-free smokers, and former uranium miners 



Case Tumor diagnosis 



sec 

sec 
sec 



13 



None 



15 

19 
23 



None 

None 
None 



Brush iocatiort 


Trisomy 2 
(frequency, #0 


RIX° 


1.5 


RUL 


1.8 


LLL 


1.8 


LUL 


1.0 


LU. 


1.0 


LUL 


J.O 


RLL 


IJ> 


RUL 


2.1 


LU. 


L8 


LUL 


1.5 


RLL 


0.3 


RUL 


1.5 


LLL 


0.8 


RLL 


1.0 


RUL 


0.8 


LLL 


1.0 


...-LUL - — 


IJ_ 


RLL 


1.8 


RUL 


2.0 


LLL 


1.0 


I.UL . . 


1.3 


LUL 


1.9 


RLL 


0.8. 


RLL 


1.5 



* Abbreviations are us indicated in legend lo Table I. 



premalignam changes in bronchial epithelium in high-risk 
individuals. 

Cigarette smoking and the exposure of underground min- 
ers to radon progeny arc both well-established respiratory car- 
cinogens (27, 28). Tobacco smoke contains numerous muta- 
gens and carcinogens, and radon progeny that have been 
inhaled and deposited on the respiratory epithelium release a 



particles capable of damaging DNA (28). Although comparison 
between findings in the cigarette smokers and the former ura- 
nium miners is constrained by the number of participants in the 
two groups, trisomy 7 was found in bolh groups. Xhesc results 
are consistent with the synergism between smoking and radon 
progeny, which suggests commonality in the pathways by 
which the two carcinogens cause lung cancer (25>). 

The bronchial brushing" method used for collecting cells 
from the lower respiratory tract is rapid (10-12 min total for 
two brushes at four different sites), well tolerated by the patient, 
and permits collection of viable bronchial cells that can be 
expanded through tissue culture at 100% efficiency. The sta- 
bility of these cells in culture was evident by the fact that the 
frequency of trisomy 7 did not differ between primary brush 
cells and cells propagated for up to seven passages. Further- 
more, this procedure is amenable to the production of sufficient 
cell numbers (1 X 10 s ) at low passage (one or two) to accom- 
modate multiple molecular analyses. Although the media used 
in culturing of bronchial epithelial cells did not appear to 
~provide"~al^le^ 

additional chromosome 7, the modulation of medium supple- 
ments might lead to the establishment of clonal populations of 
premalignant cells. Such cell populations would greatly facil- 
itate the identification of additional early gene changes in 
respiratory carcinogenesis. 

The detection of trisomy 7 in multiple nonmalignant sites 
within the bronchial tree supports the theory of field cancer- 
ization (5), which stales that diffuse exposure of the entire 
respiratory tract to inhaled carcinogens causes the development 
of multiple, independently initiated sites lhai can lead to tumor 
development! Although the frequency of this chromosome ab- 
normality was relatively low (2.3-6.0%), these values were 
consistent with the low percentage of cells within each brush 
sample (10%) that exhibited abnormal cytology. These results 
are also similar to studies of chromosome gain in patients with 
head and neck cancer where trisomy 7 was detected aL frequen- 
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cies of 2, 3, and 2 1 % ia histologically normal, hyperplastic, and 
dysplastic cells, respectively (30). 

The detection of trisomy 7 in normal, hyperplastic, and 
metaplastic bronchial epithelium from cancer-free patients ex- 
tends a recent report describing LOH at chromosomes 3p» 5q, 
and 9p in dysplastic premaiignant bronchial lesions harvested 
from current and former smokers by bronchoscopy (31). The 
inability to delect LOH at these chromosome loci in normal or 
early premaiignant epithelium may stem from a difference in 
sensitivity between the methodologies used The low frequency 
of trisomy 7 and cytologically abnormal ceils collected from 
bronchoscopy is consistent with a lacjk of clonality within the 
brush cells. FISH assays on interphase cells permit screening of 
individual cells, and sensitivity for detection is limited only by 
the number of cells examined. In contrast, microsatellite anal- 
yses for LOH cannot detect nonclonal changes but require that 
the chromosome alteration be present in approximately 40- 
50% of the sample (32, 33). 

The role of trisomy 7 in lung cancer development has not 
been elucidated. Increased expression of EGFR, which is lo- 
cated on chromosome 7 (34), is observed in 50-80% of 
NSCLCs (16, 35, 36). EGFR expression appears greater in SCC 
than AC (35, 36) and is amplified in some cell lines derived 
from SCC (37). These findings corroborate our hypothesis that 
acquisition of trisomy 7 in bronchial epithelium could be prog- 
nostic for development of SCC. Moreover, expression of this 
gene is also increased in nonxnalignam bronchial epithelium 
from NSCLC patients (16, 35) and in normal or premaiignant 
epithelium adjacent to head and neck tumors (38). Thus, altered 
expression of EGFR could enable cells that have acquired 
additional genetic changes to proliferate continually and escape 
from terminal differentiation (39). In addition, the c-met onco- 
gene is also located on chromosome 7 and is overexpressed in 
NSCLCs (40, 41). This oncogene encodes a transmembrane 
tyrosine kinase (42) thai functions as a receptor for the hepa- 
tocyte growth factor (43) and is involved in sustaining the 
growth of NSCLC cells in culture (44). 

Previous studies have detected mutations in p53 (12, 14, 
35), chromosome losses at 9p21 (45) and 3p (46) in preinvasive 
bronchial lesions, and simple chromosome rearrangements in 
normal bronchial epithelium from proximal airways (47) of 
lung cancer patients. The prevalence of these genetic changes in 
normal epithelium from persons at risk for lung cancer should 
be quantified by FISH to define the temporal sequences of 
somatic genetic changes that precede the development of clonal 
lesions in the lung. This information will be invaluable in 
providing biological markers that can qualitatively estimate the 
-extent of field-cancerization in-persons-at risk for lung cancer — 
and can be used to assess the efficacy of chemointervention 
trials. Ultimately, the efficiency for delecting these biological 
markers in bronchial epithelium versus exfoliated epithelial 
cells within sputum must be established to support the use of a 
"genetic-based" screening approach for individuals at high risk 
for lung cancer. The results of the current investigation have 
identified one potential biomarker, trisomy 7, that may be 
useful in early detection and intervention for lung carcino- 
genesis. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressible promoter, and (ii) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3)3 (GSK-3/3) resulting in an increase in 
j3-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lef 1, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to ]3-catenin, and facilitates its degradation. Mutations in 
either APC or j3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and W1SP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have, been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 fig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse W1SP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WlSP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /xM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and gIyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WfSP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2< Act) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WISP- specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various ■ times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~27,000 (M r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 



C57MG 


Parent Wnt-1 


Wnt-4 


A. 










b. n^jUp 





Fig. 1 . WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 jxg) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-1 -specific probe 
(amino acids 278-300) or a 190-bp W7SP-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (£). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-L 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3£) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. {A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and!?). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 





Fig. 4. (A , C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B) y 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Genomic DNA 




Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jxg) 
digested with £ce>RI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Feg. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through j3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v ft serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-jSl, which is the stimulus for 
stromal proliferation (34). TGF-jSl is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISPS RNA was seen in the absence of DNA amplification. ^ 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and j3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic )3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. 
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Daniel Figeys j n ^ rev i ew we examine the current state of proteome analysis. There are 

Ruedi Aebersold three main issues discussed: why it is necessary to study proteomes; how pro- 

teomes can be analyzed with current technology; and how proteome analysis 
Department of Mo le ^tor can be used to enhance biological research. We conclude that proteome anal- 

Biotechnology, of ysis is m essential tool in the understanding of regulated biological systems. 

Washington, Seattle, WA, USA Current technology, while still mostly limited to the more abundant proteins, 

1 enables the use of proteome analysis both to establish databases of proteins 

present, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis in future biological 
research will continue to be enhanced by further improvements in analytical 
technology. 
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1 Introduction 

A proteome has been defined as the protein complement 
expressed by the genome of an organism, or, in multicel- 
lular organisms, as the protein complement expressed by a 
tissue or differentiated cell [1]. In the most common im- 
plementation of proteome analysis the proteins extracted 
from the cell or tissue analyzed are separated by high 
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2 Rationale for proteoine analysis 

The dramatic growth in both the number of genome 
projects and the speed with which genome sequences 
are being determined has generated huge amounts of 
sequence information, for some species even complete 
genomic sequences (£15— 17]). The description of the 
state of a biological system by the quantitative measure- 
ment of system components has long been a primary 
objective in molecular biology. With recent technical 
advances including the development of differential, dis- 
play-POR [18], cDNA microarray and DNA chip techno- 
logy [19, 20] and serial analysis of gene expression 
(SAGE) [21, 22], it is now feasible to establish global and 
quantitative mRNA expression maps of cells and tissues, 
in which the sequence of all the genes is known, at a 
speed and sensitivity which is not matched by current 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes RNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative raRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from proteome projects 
which cannot be obtained from genomic and transcript 
profiling projects. We see three main reasons for pro- 
teome analysis to become an essential component in the 
comprehensive analysis of biological systems, (i) Protein 
expression levels are not predictable from the mRNA 
expression levels, (ii) proteins are dynamically modified 
and processed in ways which are not necessarily 
apparent from the gene sequence, and (iii) proteomes 
are dynamic and reflect the state of a biological system. 

2.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for specific 
genes the transcript levels are indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevisiae 
growing at mid-log phase (S. P. Gygi et a/., submitted for 
publication). mRNA expression levels were calculated 
from published SAGE frequency tables [22]. Protein 
expression levels were quantified by metabolic radiola- 
beling of the yeast proteins, liquid scintillation counting 
of the protein, spots separated by high resolution 2-DE 
and mass spectrometry identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dicted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
strong correlation between protein and transcript levels 
(Fig. 1). For some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-fold (S. P. Gygi 
et a/., submitted). These results suggests that even for a 
population of genes predicted to be relatively homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
from the level of the corresponding mRNA transcript. 

2.2 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-translationally modified by glycosylation, phosphor- 
ylation, prenylation, acylation, ubiquitination or one or 
more of many other modifications [23] and many pro- 
teins are only functional if specifically associated or com- 
pleted with other molecules, including DNA, RNA, pro- 
teins and organic and inorganic cofactors. Frequently, 
modifications are dynamic and reversible and may alter 
the precise three-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 
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Figure 1. Correlation between mRNA and protein levels in yeast cells. 
For a selected population of 80 genes, protein levels were measured 
by "-S-radiolabeltng and mRNA levels were calculated from publi- 
shed SAGE tables. Inset: expanded view of the low abundance region. 
For more experimental details, also see Figs. 5 and 6, (S. P. Gygi et a/., 
submitted). 



are important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
from the gene sequence alone. 

23 Proteomes are dynamic and reflect the state of a 
biological system 

A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
cell cycle and states of differentiation, responses to 
growth and nutrient conditions, temperature and stress, 
and pathological conditions represent cellular states 
which are characterized by significantly -different pro- 
teomes. The proteome, in principle, also reflects events 
that are under translational and post-translational con- . 
trol. It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- 
cription of the state of a cell or tissue, provided that the 
externa] conditions defining the state are carefully deter- 
mined. In answer to the question of whether the study 
of proteomes is necessary for the analysis of biomolec- 
ular systems, it is evident that the analysis of mature pro- 
tein products in cells is essential as there are numerous 
levels of control of protein synthesis, degradation, 
processing and modification, which are only apparent by 
direct protein analysis. 



3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled and modu- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, 
and analysis of differentially processed forms. There are 
a number of inherent difficulties in protein analysis 
which complicate these tasks. First, proteins cannot be 
amplified. It is possible to produce large amounts of a 
particular protein by over-expression in specific cell sys- 
tems. However, since many proteins are dynamically 
post-translationally modified, they cannot be easily am- 
plified in the form in which they finally function in the 
biological system. It is frequently difficult to purify from 
the native source sufficient amounts of a protein for 
analysis. From a technological point of view this trans- 
lates into the need for high sensitivity analytical tech- 
niques. Second, many proteins are modified and pro- 
cessed post-translationally. Therefore, in addition to the 
protein identity, the structural basis for differentially 
modified isoforms also needs to be determined. The dis- 
tribution of a constant amount of protein over several 
differentially modified isoforms further reduces the 
amount of each species, available for analysis. The com- 
plexity and dynamics of post-translational protein edit- 
ing thus significantly complicates proteome studies. 
Third, proteins vary dramatically with respect to their 
solubility in commonly used solvents. There are few, if 
any, solvent conditions in which all proteins are soluble 
and which are also compatible with protein analysis. This 
makes the development of protein purification methods 
particularly difficult since both protein purification and 
solubility have to be achieved under the same condi- 
tions. Detergents, in particular sodium dodecyl sulfate 
(SDS), are frequently added to aqueous solvents to 
maintain protein solubility. The compatibility with SDS 
is a big advantage of SDS polyacrylamide gel electro- 
phoresis (SDS-PAGE) over other protein separation 
techniques. Thus, SDS-PAGE and two-dimensional gel 
electrophoresis, which also uses SDS and other deter- 
gents, are the most general and preferred methods for 
the purification of small amounts of proteins, provided 
that activity does not necessarily need to be maintained. 
Lastly, the number of proteins in a given cell system is 
typically in the thousands. Any attempt to identify and 
categorize all of these must use methods which are as 
rapid as possible to allow completion of the project 
within a reasonable time frame. Therefore, a successful, 
general proteomics technology requires high sensitivity, 
high throughput, the ability to differentiate differentially 
modified proteins, and the ability to quantitatively dis- 
play and analyze all the proteins present in a sample. 

32 2-D electrophoresis — mass spectrometry: a common 
implementation of proteome analysis 

The most common currently used implementation of 
proteome analysis technology is based on the separation 
of proteins by two-dimensional (IEF/SDS-PAGE) gel 
electrophoresis and their subsequent identification and 
analysis by mass spectrometry (MS) or tandem mass 
spectrometry (MS/MS). In 2-DE, proteins are first separ- 
ated by isoelectric focusing (IEF) and then by SDS- 
PAGE, in the second, perpendicular dimension. Separ- 
ated proteins are visualized at high sensitivity by staining 
or autoradiography, producing two-dimensional arrays of 
proteins. 2-DE gels are, at present, the most commonly 
used means of global display of proteins in complex 



samples. The separation of thousands of proteins has 
been achieved in a single gel [24, 25] and differentially 
modified proteins are frequently separated. Due to the 
compatibility of 2-DE with high concentrations of deter- 
gents, protein denaturants and other additives promoting 
protein solubility, the technique is widely used. 

The second step of this type of proteome analysis is the 
identification and analysis of separated proteins. Individ- 
ual proteins from polyacrylamide gels have traditionally 
been identified using TV-terminal sequencing [26, 27], 
internal peptide sequencing [28, 291, immunoblotting or 
comigration with known proteins [30]. The recent dra- 
matic growth of large-scale genomic and expressed 
sequence tag (EST) sequence databases has resulted in a 
fundamental change in the way proteins are identified by 
their amino acid sequence. Rather than by the traditional 
methods described above, protein sequences are now fre- 
quently determined by correlating mass spectral or 
tandem mass spectral data of peptides derived from pro- 
teins, with the information contained in sequence data- 
bases [31-33]. 

There are a number of alternative approaches to pro- 
teome analysis currently under development. There is 
considerable interest in developing a proteome analysis 
stragegy which bypasses 2-DE altogether, because it is 
considered a relatively slow and tedious process, and 
because of perceived difficulties in extracting proteins, 
from the gel matrix for analysis. However, 2-DE as a 
starting point for proteome analysis has many advan- 
tages compared to other techniques available today! The 
most significant strengths of the 2-DE-MS approach 
include the relatively uniform behavior of proteins in 
gels, the ability to quantify spots and the high resolution 
and simultaneous display of hundreds to thousands of 
proteins within a reasonable time frame. 

A schematic diagram of a typical procedure of the identi- 
fication of gel-separated proteins is shown in Fig. 2. Pro- 
tein spots detected in the gel are enzymaticaUy or chemi- 
cally fragmented and the peptide fragments are isolated 
for analysis, as already indicated, most frequently by MS 
or MS/MS. There are numerous protocols for the gener- 
ation of peptide fragments from gel-separated proteins. 
They can be grouped into two categories, digestion in 
the gel slice [28, 34] or digestion after electrotransfer out 
of the gel onto a suitable membrane ([29, 35-37] and 
reviewed in [38]). In most instances either technique is 
applicable and yields good results. The analysis of MS or 
MS /MS data is an important step in the whole process 
because MS instruments can generate an enormous 
amount of information which cannot easily be managed 
manually. Recently, a number of groups have developed 
software systems dedicated to the use of peptide MS 
and MS /MS spectra for the identification of proteins. 
Proteins are identified, by correlating the information 
contained in the MS spectra of protein digests or 
MS/MS spectra of individual peptides with data con- 
tained in DNA or protein sequence databases. 

The systems we are currently using in our laboratory are 
based on the separation of the peptides contained in pro- 
tein digests by narrow bore or capillary liquid chromatog- 
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figure 2. Schematic diagram of a procedure for identification of gel- 
separated proteins. Peptides can either be separated by a technique 
such as LC or CE, or infused as a mixture and sorted in the MS. Data- 
base searching can either be performed on peptide masses from an 
MS spectrum, peptide fragment masses from CID spectra of peptides, 
or a combination of both. 



raphy [39, 40] or capillary electrophoresis [41], the anal- 
ysis of the separated peptides by electrospray ioniza- 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUEST program developed at the University of Wash- 
ington [32, 33]. The system automatically performs the 
following operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti- 
cular time; the selected peptide ion is collided in a colli- 
sion cell with argon (collision-induced dissociation, 
CID) and the masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database and thus identifies the protein from 
which the peptide was derived. There are a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUEST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust. 

33 Protein identification by IX>MS/MS, capillary 
LC-MS/MS and CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For the routine analysis of gel- 
separated proteins at high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from gels into the 
MS/MS system without significant loss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel-purified sam- 
ples into an MS, depending on the level of sensitivity 
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required. As an approximate guideline, for samples con- 
taining tens of picomoles of peptides, LC-MS/MS is 
most appropriate; for samples containing low picomote 
amounts to high femtomole amounts we use capillary 
LC-MS/MS; and for samples containing femtomoles or 
less, CE-MS/MS is the method of choice. 

33.1 LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0.5 mm diameter or bigger reverse phase (KP) column 
has been described in detail [42], This system has several 
advantages if a large number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run in a 
fully automated mode using an autosampler, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. The relatively large column is 
tolerant of high levels of impurities from either gel prep- 
aration or sample matrix. Lastly, if configured with a 
flow-splitter and micro-sprayer [40], analyses can be per- 
formed on a small fraction of the sample (less than 5%) 
while the remainder of the sample is recovered in very 
pure solvents. This latter feature is particularly useful 
when an orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabel, and this data can be correlated with peptides 
identified by CID spectra. 

332 Capillary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 100 jim ID 
column rather than a 0.5 mm ID column as referred to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolumn flow split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables the formation 
of reproducible gradients at very low flow rates (low 
nL/min) without the need for flow splitting (A. Ducret 
et al. t submitted for publication). Using this capillary 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomole amounts 
were loaded onto the gel [40]. This system is as yet not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by microparticulates when ana- 
lyzing gel-separated proteins. 

333 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis - mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CE) system which was used with triple 
quadrupole and ion trap ESI-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomole sensitivity level [43, 44]. While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has not been automated. In order to devise an 
analytical system with both the sensitivity of a CE and 
the level of automation of LC, we have constructed 
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Figure J. Schematic illustration of a 
microfabricated analytical system for CE t 
consisting of a micromachined device, 
coated capillary electroosmotic pump, 
and microelectrospray interface. The 
dimensions of the channels and reservoir 
are as indicated in the text. The channels 
on the device were graphically enhanced 
to make them more visible. Reproduced 
from [4S] t with permission. 



microfabricated devices for the introduction of samples 
into ESI-MS for high-sensitivity peptide analysis. 

The basic device is a piece of glass into which channels 
of 10-30 \un in depth and 50-70 \*m in diameter are 
etched by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig/3). The channels are 
connected to an external high voltage power supply [45J. 
Samples are manipulated on the device and off the 
device to the MS by applying different potentials to the 
reservoirs. This creates a solvent flow by electroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching the position 
of the electrodes on the device. The direction and rate of 
the flow can be modulated by the size and the polarity 
of this electric field applied and also by the charge state 
of the surface. 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic anhydrase at 
290 fmol/tiL. Each numbered peak indicates a peptide suc- 
cessfully identified as being derived from carbonic an- 



hydrase. Some of the unassigned signals may be chemical - 
or peptide contaminants. The MS is programmed to auto- 
matically select each peak and subject the peptide to CID. 
The resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, 
this system allows us to concurrently apply a number of 
protein digests onto the device, to sequentially mobilize 
the samples, to automatically generate CID spectra of 
selected peptide ions and to 'search sequence databases 
forprbtein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low femtomole level sensitivity at a 
rate of approximately one protein per 15 min. : v v 

3.4 Assessment of 2-DE-MS proteomc technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DE and silver staining of the separated pro- 
teins. To estimate how far this type of proteome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the codon bias of the 
genes encoding the respective proteins. tCodon bias is a 
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Figure 4, MS spectrum of a tryptic digest 
of carbonic anhydrase using the microfa- 
bricated system shown in Fig. 3. 290 
fmol/uL of . carbonic anhydrase tryptic 
digest was infused into a Finnigan LCQ 
ion trap MS. Bach peak was selected for 
CID, and those which were identified as 
containing peptides derived from car- 
bonic anhydrase are numbered. Repro- 
duced from {45], with permission. 
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5T£lO, and tbSnd dlens!on was a 1MT SDS-PAGE gel. Proteins were visualized by silver staining. Further details of experimental 
procedures are included in S. P. Gygi et al (submitted). 



calculated measure of the degree of redundancy of trip- 
let DNA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the level of the protein product of a 
particular gene sequence present in a cell [46]. Hie gen- 
eral rule which applies is that the higher the value of the 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
fied in Fig. 5 are shown in Fig. 6b. Nearly all of the pro- 
teins identified p> 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast, 
codon bias values calculated for the entire yeast genome 
(Fig. 6a) show that the majority of proteins present in 
the proteome have a codon bias of < 0.2 and are thus of 
low abundance. 

This finding is of considerable importance in our assess- 
ment of the current status, of proteome analysis technol- 
ogy. It is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proteomes containing many more proteins than 
the approximately 6000 gene products present in yeast 
cells [16]. In the analysis of, for example, the proteome 
of any human cells, there are potentially 50000-100000 
gene products [47]. Inherent limitations on the amount 
of protein that can be loaded on 2-DE, and the number 
of components that can be resolved, indicate that only 
the most highly abundant fraction of the many gene 
products could be successfully analyzed. One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 2^DE [48]. 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 
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4 Utility of proteome analysis for biological 
research 

For the success of proteomics as a. mainstream approach 
to the analysis of biological systems it is essential to 
define how proteome analysis and biological research 
projects intersect. Without a clear plan for the implemen- 
tation of proteome-type approaches into biological rer 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is used both as a database/data archive, and as a bio- 
logical assay or biological research tool. 

4.1 The proteome as a database 

The use of proteomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
in a cell or species and to annotate each protein with the 
known biological information that is relevant for each 
protein. The level of annotation can, of course, be exten- 
sive. The most common implementation of this idea is 
the separation of proteins by high resolution 2-DE, the 
identification of each detected protein spot and the 
annotation of the protein spots in a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, cell activation and disease can all 
significantly change the proteome of a species. This is 
illustrated in Fig. 7. The figure shows two high-resolu- 



tion 2-DE maps of proteins isolated from rat serum. 
Fig. 7A is from the serum of normal rats, while Fig. 7B 
is from the serum of rats in acute-phase serum after 
prior treatment with an inflammation-causing agent [49]. 
It is obvious that the protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe- 
cies or cell type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems. A comprehensive 
proteome database should be capable of quantitatively 
describing the fate of each protein if specific systems 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the nature of molecules specifically interacting 
with a protein as well as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comlete proteome 
database. A number of such databases are, however, in 
the process of being constructed. The most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD [50] (accessible at http://www.ypd.com) and 
the human 2D-PAGE databases of the Danish Centre 
for Human Genome Research [12] (accessible at http:// 
biobase.dk/cgi-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro- 
ducts are identified, both contain extensive annotation 
of supplemental information for many of the spots 
which are positively identified in reference samples. 

4.2 The proteome as a biological assay 

The use of proteome analysis as a biological assay or 
research tool represents an alternative approach to inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific proceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable (e.g., enzyme 
activity) of a single component (e.g., a particular en- 
zyme) is measured. Using proteomics as an assay, mul- 
tiple variables (e.g., expression level, rate of synthesis, 
phosphorylation state, etc.) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate specific 
systems and pathways, as long as the interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4). 

A common implementation of proteome analysis as a 
biological assay is when a 2-DE protein pattern gener- 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
different states of the system under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita- 
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tive comparative analysis of hundreds to a few thousand 
nroteins Comparative analysis of the 2-DE patterns fur- 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
slate of the system. For this type of analysis it is not 
essential that all the proteins are identified or even visu- 
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alized, although the results become more informative as 
more proteins are compared. It is obvious, however, that 
the possibility to identify any protein deemed character- 
istic for a particular state dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 
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Figure 7. High resolution 2-DE map of proteins isolated from rat serum with or without prior exposure to an inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-phase serum from rats which had previously been exposed to 
an innammation-causing agent. The first dimension of separation is an IPG from pH 4-10, and the second dimen- 
sion is a 7.5-I7.5%T gradient SDS-PAOE gel. Proteins were visualized by staining with amido black. Further details 
of experimental procedures are included in 114, 49J. 
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Proteome analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
The approach is limited, of course, by the fact that only 
ihe visible protein spots are included in the assay, and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DE. Proteins may not be 
detected in 2-DE gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the boundaries (size, 
pi) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. 

A difFerent way to use proteome analysis as a biological 
assay to define the state of a biological system is to take 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electrophoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DE pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DE protein 
patterns representing different states is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a fraction of the cellular 
proteins is analyzed. Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteome analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteome technology, and third, 
we have analyzed the utility of proteome analysis for bio- 
logical research. It is apparent that proteome analysis is 
an essential tool in the analysis of biological systems. 
The multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. • Recently developed methods 
have enabled the identification of proteins at ever- 
increasing sensitivity levels and at a high level of auto- 
mation of the analytical processes. A number of tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed. There are many 
more proteins in a given cell which are not visualized by 
such methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 
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We have outlined the two principal ways proteome anal- 
ysis is currently being used to intersect with biological 
research projects: the proteome as a database or data 
archive and proteome analysis as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteome data- 
bases typically are limited to one cell type and one state 
of a cell and therefore do not account for the dynamics 
of biological systems. The use of proteome analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a. reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate in amounts sufficient for 
analysis or experimentation. The fact that to date no 
complete proteome has been described further attests to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, we anticipate that the 
goal of complete proteome analysis will eventually 
become attainable. 
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HUMLTX 1310 bp mRNA linear PRI 01-FEB-2000 

Homo sapiens mRNA for lymphotoxin, complete cds . 

D00102 ^ , 

D00102. 1 GI:219913 

LT; lymphokine; lymphotoxin. 

Homo sapiens (human) 

Homo sapiens 

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
Mammalia; Eutheria; Primates; Catarrhini; Hominidae; Homo. 
1 (bases 1 to 1310) 

Kobayashi, Y. , Miyamoto, D., Asada,M., Obinata,M. and Osawa r T. 

Cloning and expression of human lymphotoxin mRNA derived from a 

human T ceil hybridoma 

J. Biochem. 100 (3), 727-733 (1986) 

87057135 

3536896 

Lymphotoxin (LT) is a lymphokine which is cytotoxic for a wide 



The nucleotide sequence 
T cell hybridoma (AC5-8) 



range of tumor cells in vitro and in vivo, 
of the human LT cDNA derived from a human 
was determined and compared with those of peripheral blood 
mononuclear cell-derived LT cDNA and the LT gene. 
FEATURES Location/Qualifiers 
source 1 . . 1310 

/organism= !, Homo sapiens" 

/mol_type="mRNA" 

/db_xref="taxon: 9606" 

/clone="pLT13" 

/cell_line="T cell hybridoma (AC5-8)" 
CDS 63. .680 

/codon_start=l 
/product=" lymphotoxin" 
/protein_id=" BAA00064 . 1 " 
/db_xref="GI : 219914 " 

/trans lation="MTPPERLFLPRVCGTTLHLLLLGLLLVLLPGAQGLPGVGLTPSA 
AQTARQHPKMHLAHSNLKPAAHLIGDPSKQNSLLWRANTDRAFLQDGFSLSNNSLLVP 
TSGIYFVYSQVVFSGKAYSPKATSSPLYLAHEVQLFSSQYPFHVPLLSSQKMVYPGLQ 
EPWLHSMYHGAAFQLTQGDQLSTHTDGI PHLVLS PSTVFFGAFAL " 

siqpeptide 63. .164 

mat peptide 165. .677 

/product=" lymphotoxin" 



ORIGIN 



1 cgggctcctg cacctgctgc ctggatcccc ggcctgcctg ggcctgggcc ttggttctcc 

61 ccatgacacc acctgaacgt ctcttcctcc caagggtgtg tggcaccacc ctacacctcc 

121 tccttctggg gctgctgctg gttctgctgc ctggggccca ggggctccct ggtgttggcc 

181 tcacaccttc agctgcccag actgcccgtc agcaccccaa gatgcatctt gcccacagca 

241 acctcaaacc tgctgctcac ctcattggag accccagcaa gcagaactca ctgctctgga 

301 gagcaaacac ggaccgtgcc ttcctccagg atggtttctc cttgagcaac aattctctcc 

361 tggtccccac cagtggcatc tacttcgtct actcccaggt ggtcttctct gggaaagcct 

421 actctcccaa ggccacctcc tccccactct acctggccca tgaggtccag ctcttctcct 
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481 cccagtaccc cttccatgtg cctctcctca gctcccagaa gatggtgtat ccagggctgc 

541 aggaaccctg gctgcactcg atgtaccacg gggctgcgtt ccagctcacc cagggagacc 

601 agctatccac ccacacagat ggcatccccc acctagtcct cagccctagt actgtcttct 

661 ttggagcctt cgctctgtag aacttggaaa aatccagaaa gaaaaaataa ttgatttcaa 

721 gaccttctcc ccattctgcc tccattctga ccatttcagg ggtcgtcacc acctctcctt 

781 tggccattcc aacagctcaa gtcttccctg atcaagtcac cggagctttc aaagaaggaa 

841 ttctaggcat cccaggggac cacacctccc tgaaccatcc ctgatgtctg tctggctgag 

901 gatttcaagc ctgcctagga attcccagcc caaagctgtt ggtcttgtcc accagctagg 

961 tggggcctag atccacacac agaggaagag caggcacatg gaggagcttg ggggatgact 

1021 agaggcaggg aggggactat ttatgaaggc aaaaaaatta aattatttat ttatggagga 

1081 tggagagagg gaataataga agaacatcca aggagaaaca gagacaggcc caagagatga 

1141 agagtgagag ggcatgcgca caaggctgac caagagagaa agaagtaggc atgagggatc 

1201 acagggcccc agaaggcagg gaaaggctct gaaagccagc tgccgaccag agccccaaac 

1261 ggaggcatct gcatcctcga tgaagcccaa taaacctctt ttctccccct 
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Analysis of Genomic and Proteomic Data Using Advanced Literature 

Mining 

Yanhui Hu, Lisa M Hines, Haifeng Weng, Dongmei Zuo, Miguel Rivera, 
Andrea Richardson, and Joshua LaBaer* 

Institute of Protcomics, Harvard Medical School- BCMP. 240 Longwood Avenue, Boston, Massachusetts 02 i 1 5 
I Received March 13, 2003 

High-throughput technologies, such as proteomic screening and DNA micro-arrays, produce vast 
amounts of data requiring comprehensive analytical methods to decipher the biologically relevant 
results. One approach would be to manually search the biomedical literature; however, this would be 
an arduous task. We developed an automated literature-mining tool, termed MedGene, which 
comprehensively summarizes and estimates the relative strengths of all human gene-disease 
relationships in Medline. Using MedGene, we analyzed a novel micro-array expression dataset 
comparing breast cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strength of the literature association and the magnitude of the difference in 
expression level when considering changes as high as 5-fold; however, a significant correlation was 
observed (r = 0.41; p - 0.05) among genes showing an expression difference of 10-fold or more. 
Interestingly, this only held true for estrogen receptor (ER) positive tumors, not ER negative. MedGene 
identified a set of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination, 

Keywords: bioinformatics • micro-array • text mining • gene-disease association * breast cancer 



Introduction 

At its current pace, the accumulation of biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g., 
breast cancer, a researcher would have had to scan 130 different 
journals and read 27 papers per day in 1999.' This problem is 
accentuated with high-throughput technologies such as DNA 
micro-arrays and proteomics, which require the analysis of 
large datasets involving thousands of genes, many of which are 
unfamiliar to a particular researcher. In any microarray experi- 
ment, thousands of genes may demonstrate statistically sig- 
nifica nt expr ession changes^bul onlyjijraction of these may 
be relevant to the study. TheVbllity Reinterpret these datasets - 
would be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
is a need to summarize existing knowledge in a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem is to compile structured digital 
resources, such as the Breast Cancer Gene Database 1 and the 
Tumor Gene Database. 2 However, as these resources are hand- 
cu rated, the labor-intensive review process becomes a rate- 
limiling step in the growth of the database. As a result, these 
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databases have a limited scale and the genes are not selected 
in a systematic fashion. 

An alternative approach is automated text mining; a method 
which involves automated information extraction by searching 
documents for text strings and analyzing their frequency and 
context. This approach has been used successfully in several 
instances for biological applications. In most cases, it has been 
applied to extract information about the relationships or 
interactions that proteins or genes have with one another, in 
the literature or by functional annotation. 3-7 Thus far, few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-Iratxeta et al. 
automatically examined the GO (Gene Ontology) annotation 
of g enes and their predicted chromosomal locations in order 
to identify genes linked To inherited disorders. 8 " 

To obtain a. more global understanding of disease develop- 
ment, it would be valuable to incorporate information regarding 
all possible gene-disease relationships, including biochemical, 
physiological, pharmacological, epidemiological, as well as 
genetic. This information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things. 
First, it would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, It would 
rapidly highlight which genes are corroborated by the literature 
and which genes are novel in a given context. We have utilized 
a computational approach to literature mining to produce a 
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comprehensive set of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength of 
each association based on the frequency of citation and co- 
citation. We applied this tool to help interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue. 



Methods 

MedGene Database. MedGene is a relational database, stor- 
ing disease and gene information from NCBI. text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user interface for users to 
query the database (http://hipseq.med.harvard.edu/MedGene/). 

Text Mining Algorithms. MeSH files were downloaded from 
the MeSH web site at NLM (Nation Library of Medicine) (hup:// 
www.nlm.nih.gov/mesh/meshhome.html) and human disease 
categories were selected. LocusLink files were downloaded from 
the LocusLink web site at NCBI (http://www.ncbi.nih.gov/ 
LocusLink/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each LocusLink record, were 
collected. Gene search terms were used for literature searching 
and included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to index Medline records. If the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July. 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the titles and 
abstracts for gene search terms and then to index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were indexed for both gene and disease 
(double positive hits), for disease only (disease single hits), for 
gene- only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency table. 
On the basis of the contingency table-framework, we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chi-square analysis. Fisher's exact probabilities, rela- 
tive risk of gene, and relative risk of disease 10 (http:// 
hipseq.med.harvard.edu/MedGene/). In addition, we computed 
the "product of frequency", which is the product of the 
proportion of disease/gene-double hits to disease single-hits - 
and the proportion of disease/gene double hits to gene single 
hits. To obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the "Cluster" software and the 
clustering result was visualized using TreeViewer" (http:// 
rana.lbl.gov/EisenSoftware.htm). 



Breast Tissue Micro-Arrays. Eighty-nine breast cancer 
samples (79% ER-positive) and 7 norrnal breast tissue samples . 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor immuno-pheno- 
types of breast cancer. Biotinylated cRNA, generated from th© 
total RNA extracted from the bulk tumor, was hybridized to 
Affymetrix U95A oligo- nucleotide micro-arrays. These micro - 
arrays consist of 12 400 probes, which represent approximately 
9000 genes. Raw expression values were obtained using GENE- 
CHIP software from Affymetrix. and then further analyzed using 
the DNA-Chip Analyzer (dChip) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we first compiled complete lists for human diseases and human 
genes. To index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utilized. MeSH is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that arc arranged in both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance. 910 Twenty-three human disease category 
headings along with all of their child terms (see the Supporting 
Information, Supplemental Table 1, or visit http://hipseq. 
med.harvard.edu/MedGene/publlcation/s_Table l.html) were 
selected from the 2002 MeSH index creating a list of 4033 
human diseases. 

No index comparable to the MeSH index exists for genes, 
and thus, it was necessary to apply a string search algorithm 
for gene names or symbols found in Medline text. A complete 
list of genes, gene names, gene symbols, and frequently used 
synonyms were collected from the LocusLink database at 
NCBI, 11 12 which contains 53 259 independent records keyed 
by an official gene symbol or name (June 18 th , 2002). For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of italics, if at all. 
For the intended use of this study, this lack of distinction is 
unlikely to have a large effect and may in fact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false positives and false negatives 
(Table 1). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of filters 
_ . to red uce these.e r rors . The syntax issues were readily handled 
by including alternate syntax forms in the search terms. The 
false positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found In the title or 
abstract. Case-insensitive string mapping was used for all 
searches except as noted above. No additional weight was 
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source of error 



error type 



example 



filler solution 



gene symbol/name false positive 

is not unique 



gene symbol is false positive 

unrelated abbreviation 

gene symbol/name false positive 

has language meaning 

nonstandard syntax false negative 

unofficial gene name/symbol false negative 

nonspecified gene name false negative 



MAC— myelin 

associated glycoprotein 
M/lC-malignancy-associaied 

protein 

PA— pallid homologue (mouse). 

pallldin (also abbrev. for Pennsylvania) 
IVAS-Wlskoll-Aldrich Syndrome 

(also the word "was") 
BAG- 1 instead of BACi 
P53 instead of TP53 
estrogen receptor instead of 

Estrogen receptor 1 



eliminate this term 

eliminate this term 

case-sensitive string search 

add dash term 

add all gene nicknames 

add family stem term 



■ In preliminary studies. Medline was searched for co-occurrence of genes and diseases and the resulting output was evaluated to identity error sources that 
were amenable to global niters, Itach error source is categorized by the type of error It causes; false positives are suggested relationships thai are not real and 
false negatives are real relationships that are underreprescnted. The filter solutions used are indicated. Note that in some cases, the filter. solution itself Introduces 
error. In general, error rates maximized sensitivity, even at the expense of specificity if needed. 



added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with all qualified gene 
identifiers, such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name, e.g., estrogen receptor instead of 
estrogen receptor 1 {ESR1), creating a source of false negatives. 
For this reason, gene family stem terms were created for all 
genes that have an alpha or numerical suffix (e.g.. 1L2RA, TGFfi, 
ESRL etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that it would be clear when linkages were made to 
the gene family versus a specific member in that family. 

To improve performance and accuracy, some prc-selection 
was applied to the records that were scanned. First, review 
articles were eliminated to avoid redundant treatment of 
citations! Second, non-English journals were removed because 
the natural language filters were only relevant to English 
publications. Finally, journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g., Int. 
J. Health Educ. Bedside Nurse, and /. Health Econ). Together, 
these filters reduced the 12 198 221 Medline publications (July 
2002) by 37%. 

Ranking the Relative Strengths of Gene-Disease Associa- 
tions. In total there were 618 708 gene-disease co-citations, 
in which 16% (8297) of all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at least one gene! To rank the relative strengths of gene 
" "disease" relationships, we tested severaldifferenrstatistical' 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because it gave the best results overall. 

Validation of MedGene. In developing this tool, it was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (false positives). However, in 
situations when these goals.were in conflict, inclusiveness was 
prioritized. To determine the false negative rate in MedGene. 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 




Figure 1. Estimation of the false negative rate by comparison 
with hand-curated databases. The breast cancer-related genes 
identified by MedGene were compared with those listed in 
several other databases including the Tumor Gene Database 
(TGD). 2 the Breast Cancer Gene Database(BCG). 1 GeneCards 
(GC) 17 and Swissprot. 18 Genes were considered false negatives 
if they were represented in at least one of these other databases 
and not in MedGene and their link to breast cancer was sup- 
- ported-by-at least nns literature reference. All liter ature references 
were verified by manual review to confirm their validity. The 
number of genes in each database or shared by more than one 
database is indicated. The false negative rate was calculated by 
genes missed at MedGene (26)/total number of nonoverlapping 
genes in other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedCene to these databases, illustrated in Figure 1. 
Among the 285 distinct breast cancer- related genes that were 
supported by at least one literature citation in these hand- 
curated databases. 26 were absent from MedGene, suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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papers) were reviewed manually (see the Supporting Informa- 
tion. Supplemental Table 2. or visit http://hipseq.med. 
harvard.edu/MedGene/publicalion/s_Table 2.html). Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity filters. 
Few genes were missed because they were only mentioned in 
review papers (0.4%) or they appeared only in the body of the 
manuscript but not the abstract or title (1.1%). Of note. 
MedGene identified approximately 2000 additional breast 
cancer- related genes not listed in any other database. 

To assess the false positive error rate, two complementary 
approaches were used; a detailed analysis of one disease and 
a . global examination of 1000 diseases, The detailed approach 
examined the false positive error rate and its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF, 1467 genes related to prostate cancer were 
assembled in rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the titles and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell into one of the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information. Supplemental Table 3, or visit 
http://hipseq.med.harvard.edu/MedGene/publication/ 
sJTable 3.html). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two in which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer. nM 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted in most of the false positives (see the Supporting 
Information, Supplemental Table 4. or visit http://hipse- 
q.med.harvard.edu/MedGene/publication/s_Table 4.htmi), em- 
phasizing the importance of the filters that were added in the 
search algorithm (Table 1). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESR1 and 10 to ESR2, whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESR1 or ESR2r 
this latter group was detected by the family stem term filter, 

To further validate these results, a global analysis of the gene- 
disease relationships described by MedGene was performed. 
— Forthis-experiment,- it-was -reasoned-that- the more-closely- - 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus, if the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing. Conversely, if the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or inappropriate scoring of the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset Tor 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Information. 
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Supplemental Figure 1 , or visit http://hipseq.med.harvard.edu/ 
MedGene/publication/s.Figure l.html). For example, in one 
such cluster shown in Figure 2. diabetes and its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedGene number up by the false 
negative rate (^-9%) and down by the false positive rate (^-26% 
on average). Using this, the average disease has 103.7 ±45.3 
(mean db s.d.) genes associated with it. although the range is 
quite broad with 2359 genes related to breast cancer, 2122 
genes related to lung cancer and no genes related to a number 
of diseases. 

Applying MedGene to the Analysis of Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment. We compared the MedGene 
breast cancer gene list to a gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis identified 
2286 genes that had greater than a 1-fold difference in mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene, we sorted the 2286 genes into 
four classes: 555 genes directly linked to breast cancer in the 
literature by gene term search (first -degree association by gene 
name); 328 genes directly linked by family term search (first- 
degree association by family term); 1021 genes linked to breast 
cancer only through other breast cancer genes (second -degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting Information, Supplemental 
Figure 2, or visit http://hipseq.med.harvard.edu/MedGene/ 
publication/s_Figure 2.html.) Among the 505 previously un- 
related genes, 467 were either newly identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes, 9 had been related to other 
cancers, specifically esophageal, colon, uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-foid change (68%) to over 40-fold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer in the 
4iterature,-there-was-noxorrelationi)ctw^ 
array fold change (r = 0.018, p-value = 0.62). However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an increasing trend in correlation (Figure 
3B) suggesting that genes with a more substantial change in 
expression level were more likely to have a stronger association 
in the literature. For genes that had 10-fold change or more in 
expression level, the correlation increased to 0.4 1 (p*value = 
0.05). 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend in correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend in correlation for ER positive tumors, but no trend in 
correlation for ER negative tumors. 
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Figure 2. Global validation by clustering analysis. 2(A). The gene sets and the corresponding LPF values for 1000 diseases, each with 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on the gene patterns associated with 
them. A sample of the data is shown here. 2(B). One of the resulting clusters is shown that corresponds to blood sugar states. Diabetes 
terms (above the line) and starvation states terms (under the line) clustered together, Within these groups, there is also clustering of 
diabetic small vessel complications, altered serum chemistries, nutritional disorders. etc,($upplemental Figure 1: http://hipseq.med. 
harvard.edu/MedGene/publicatlon/s_Figure 1.html). 



Finally, to validate our findings, we computed similar cor- 
relations between the breast cancer expression data and 
LPF scores generated by MedGene for hypertension, a 



disease unrelated to breast cancer. As expected, we did, not 
observe an increasing trend in correlation for hyperten- 
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Figure 3. Relationship between literature score and functional data for breast cancer. 3A. The data from an expression analysis of 
samples for breast tumors and normal breast tissue were analyzed to indicate the fold difference of expression level between breast 
tumor and normal sample (cutoff > 3-fold change). The fold changes were plotted against the literature score for the same gene set. 
Green dots represent first-degree association by gene search, blue dots represent first-degree association by family search and red 
dots represent no-association. Some well-studied genes, such as BRCA2 (pink circle), are not reflected by a substantial difference, in 
expression level. Furthermore, the majority of genes that have no association with breast cancer in the literature had less than 10-fold 
expression changes (shaded area). 3B. The Spearman rank-correlation coefficients between literature score (LPF) and the fold change 
of expression level between tumor and normal breast samples (y-axis) in relation to the amount of fold change of expression level 
(x-axis). Gene rank lists were generated for breast cancer (blue) and hypertension (pink). Correlations were also computed between 
the breast cancer gene LPF scores and fold change expression data among estrogen receptor positive tumors only (light blue) and 
estrogen receptor negative tumors only (purple). 



410 Journal of Proteome Research ♦ Vol. 2. No. 4. 2003 



Analysis of Data Using Advan^^^raturc Mining 
Table 2. Top 25 Genes Related to Selected Human Diseases* 



research articles 



breast neoplasms 



hypertension 


rheumatoid arthritis 


bipolar disorder 


atherosclerosis 


REN 


RA 


ERDAI 


apolipoprotein 


DBP 


TNFRSF10A 


SNAP29 


APOE 


LEP 


CRP 


PFKL 


LDLR 


ACT 


AS 


DRD2 


ELN 


INS 


ESRI 


TRH 


ARC! 


kallikrein 


HLA-DRBl 


IMPA2 


APOB 


ACE 


DRI 


HTR3A 


APOAi 


cnuuuiciii t 


ifitPfl/31 ilcin 


DRD3 


MSR1 


S100A6 


TNF 


REM 


LPL 


BDK 


ILG 


KCNN3 


P0N1 








plasminogen 


DIANPH 


collagen 


DRD4 


activator inhibitor 


SARI 


ILIA 


HTR2C 


PLC 








vascular cell 


Pi hi 


ACR 


RELN 


adhesion molecule 




TNFRSF12 


DBH 


ATOHl 


ALB 


IL2 


MAO A 


VWF 


CYPllRP 


CHI3L I 


COMT 


INS 


- MATPR 


IL8 ' - ■ ■ — 


- HTR2A 


ARC2 


anoirif Pricin 
ailgiuiciiaiii 






ABCAl 




intprlpi ikin 1 

11 HCl JCU1VII 1 1 


SYNJI 










Aljl Kc 


rnciaiiupruicii loot 


INPPi 


OLRI 


l\fPPA 
I\rrr\ 


tntprfprrtn 

II IICI Id \Jl 1 


NEDD4L 


collagen 


LVM 


CD68 


FRA13C 


MCP 






transducer of 




DBH 


IL4 


ERBB2 


lipoprotein 


NPY 


IL17 


BAIAP3 


AP0A2 






Intercellular 


POMC 


MMP3 


ATPIB3 


adhesion molecule 


neuropeptide 


SIL 


DRD5 


RAB27A 



estrogen receptor 
PGR 
ERBB2 
BRCAi 
BRCA2 
ECFR 
CYPI9 
TFFI 
PSEN2 
TP53 

CES3 

CEACAM5 

ERBB3 
cyclin 
COX5A 
cathepsin 
ERBB4 ~ 

TRAM 

CCNDI 
ECF 
MUC1 

insulin-like 
BCL2 

mucin 
FCF3 

* MedGene results for the top 25 genes associated with breast neoplasms, hypertension, rheumatoid arthritis, bipolar disorder, and atherosclerosis, respectively, 
ranked by LPF scores. The hyperlink to all the papers co-citing the gene and the disease is available at MedCene website (http://hlpseq.med harvard.edu/ 
MedCene/). V 



Discussion 

The Human Genome Project heralded a new era in biological 
research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
provide novel insight into comprehensive biological function 
but also introduces new challenges. The utility of these 
technologies is limited to the ability to generate, analyze, and 
interpret large gene lists. MedGene, a relational database 
derived by mining the information in Medline, was created to 
address this need. MedGene users can query for a rank -ordered 
list of human gene-disease relationships (Table 2) for one or 
more diseases. Each entry is hyperlinked to the original papers 
supporting each association and to other relevant databases. 
MedGene is an innovative extension of previous text mining 
-approaches. Perez Jratxtejaet al . used the GO annotati on an d 
their chromosomal locations to predict genes that may con- 
tribute to inherited disorders, 8 MedGene takes a broader view 
and includes all diseases and all possible gene-disease relation- 
ships. Furthermore. MedGene utilizes co-citation to indicate a 
relationship rather than GO annotation, which is limited to the 
subset of genes that have GO annotation. Our approach is 
complementary to that taken by Chaussabel and Sher. who 
used the frequency of co-cited terms to cluster genes into a 
hierarchy of gene-gene relationships. 0 

A unique aspect of this tool is the ability to assess the relative 
strengths of gene-disease relationships based on the frequency 
of both co-citation and single citation. This presupposes that 
most co-citations describe a positive association, often referred 
to as publication bias 15 and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http://hipseq.mcd.harvard.edu/MedGene/publication/s„Ta- 
bie 3.html). Of course, relationships established by frequency 
of co-citation do not necessarily represent a true biological link; 
however, it is strong evidence to support a true relationship. 

Another important feature of MedGene is the implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real. 
For this study, all of the filters that we applied were general 
ones, e.g.. expanding the list of all gene names to address the 
different syntax forms used by different Journals, eliminating 
gene names that correspond to common English words, etc. 
The majority of the remaining search term ambiguities were 
idiosyncratic and difficult to identify systematically without 
causing a significant rise in raise negatives. Alternative ap- 
_. proa ches , su ch as th e ex ami nation of the nea rest ne ighbo 
terms, need to be considered to further reduce the false positive 
rate. 

It is not uncommon to see expression changes in micro- 
array experiments as small as 2-fold reported in the literature. 
Even when these expression changes are statistically significant, 
it is not always clear if they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear in the altered expression group. MedCene provided a 
unique opportunity to test this notion in the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
genes displaying a 5-fold change or less in tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role in the disease. This 



Journal of Proteome Research « Vol. 2. No. 4, 2003 411 



research articles 



Table 3. Genes with Large Exj^sion Changes in ER- but 
Not in ER+ Breast Tumors 



gene symbol 


(old change (ER+) 


fold change (ER-) 


KRTHBl 


1.0 


610.8 


BRS3 


1.2 


89.4 


DKKl 


1.2 


69.8 


ZICl 


1.9 


59.6 


TLRl 


1.0 


38.5 


KIAA0680 


2.6 


33.2 


CDKN3 


1.0 


30.6 


EBI2 


4.0 


27.9 


CZMB 


3.8 


21.9 


STK18 


4.7 


18.6 


CPR49 


10 


14.6 




1.6 


si 4.4 


LADl 


-1.0 


13.5 


PDIF? 


4.2 


13.0 


HMG4 


4.4 


12.9 


BCL2L 1 1 


-1.2 


12.3 


LRP8 


2,9 


12.2 


CCNB2 


1,0 


1 1.8 


CCNE2 


4.0 


11.6 


FCB 


-4.3 


11.1 


KNSL6 


2.9 


10.9 


H1F5 


3.0 


10.2 


SERPINH2 


4.6 


10,2 


YAP! 


1.0 


10.0 


LPHB . 


-1.3 


-10 4 


TCEA2 


-1.1 


-10.8 


TFFl 


1.3 


-1 1.4 


COL17A1 


-4.1 


-15.7 


P0P5 


1.1 


-16.2 


BPACt 


-4.6 


-22.3 


PDZK1 


-1.1 


-36.8 


VECFC 


-2.8 


-51.5 


MUC6 


-1.4 


-64.9 


SERPJNA5 


-1.0 


-83.1 


ME1S1 


-1.6 


-85.9 


CAI2 


2.4 


-150.3 



Table 3. MedGene Identified a set of relatively understudied, yet highly 
expressed genes in ER negative, but not ER positive breast tumors. All of 
these genes have either never been co-cited with breast cancer or have a 
weak association except those marked with an *. 



reflects the many genes whose role in breast cancer may not 
involve large changes in expression in sporadic tumors (e.g.. 
BRCA1 and BRCAZi and genes whose modest changes in 
expression may be unrelated to the disease. Strikingly, among 
genes with a 10-fold change or more in expression level, there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedGene have two implications. 
First, a careful hunt for corroborating evidence of a role in 
breast cancer should precede any further study of genes wiTh 
less than 5-fold expression level changes. Second, any genes 
with 10- fold changes or more are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as the experiment. 

Interestingly, the observed correlation was only found among 
ER-positive tumors, not ER-negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor in 
the population. Furthermore, this emphasizes that caution 
must be taken when interpreting experiments that may contain 
subpopulations that behave very differently. The MedGene 
approach identified a set of relatively understudied, yet highly 
expressed genes in ER-negative tumors that are worthy of 
further examination (Table 3). 



^^fe Hu et 

In conclusion^rehave developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association, it provides an important tool 
for the rapid and flexible analysis of large datascts from various 
high -throughput screening experiments. Furthermore, it can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, it will be possible to enhance the 
utility of the MedGene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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results showing that among the 505 previously unrelated genes. 
467 were either newly identified genes or genes that had not 
previously been associated with any disease (Supplemental 
Figure 2). This material is available free of charge via the 
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Washington, D.C 20231 

Sir: 

1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 2001, 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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Serial No,: * 
Filed:* 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et aL, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al. y PCR 
Methods Add!.. 4:357-362 (1995) (Exhibit C> and Heid et aL, Genome Res. 6:986-994 (1996) - 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et aL, Proc. 
Natl. Acad Sci. USA . ' 95(25*14717-14722 (1998) (Exhibit E); Pitti et aL, Nature 
396(6712);699-703 (1998) (Exhibit F) and Bieche et aL, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown* 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. T declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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Genentech, Inc. 



1993-present 
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2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA' Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility, 

• DNA sequencing for high throughput gene discovery, • ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993-1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 
5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



1983 
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"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
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'The in vitro metabolism of the cytochrome P-448 
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Supervisor: Dr. G. D. Sweeney 



University of Toronto 

Toronto, Ontario, Canada. 1989 

Department of Medical 

Biophysics. 

McMaster University, 

Hamilton, Ontario, Canada. 1983 
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Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
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A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
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Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 
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SIMULTANEOUS AMPLIFICATION AND DETECTION OF 
SPECIFIC DNA SEQUENCES 
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We have enhanced the polymerase chain 
reaction (PCR) such that specific DNA 
sequences can be detected witibtout open- 
ing the reaction tube* This enhancement 
requires die addition of ethidium bromide 
(EtBr) to a FCR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. Hie ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put* 

Although the potential benefit* of PCR 1 to. clin- 
ical diagnostics arc wetl known?- 5 , it U still not 
widely used in this setting, even though it is 
four year* smco thcrtnwtxbl* DMA polymer- 
ase* 4 made PCR practical. Some of the reasons for its slow 
acceptance are high cost, tacV of automation of pre-* and 
posc-PCR processing steps, and false positive results, from 
carryovcr-cOntaminatioD. The first two point* arc related 
in that labor is the largest contributor to cost at the present 
stage of PCR development. Most Current assays requite 
BOinc form of "downstream" processing once tbermocy* 
ding is done in order *o determine whether the target 
BNA sequence was present and has amplified. These 
include DNA hybridization**, ge! electrophoresis with or 
without use of restriction digestion*:*/ H PLC*, or capillary 
electrophoresis 10 . These methods are labor-intense, have 
low throughput, and axe difficult to automate The third 
point is also closely related to downstream processing. 
The handling of the FC& product in these downstream 
processes increases the chances that amplified DNA witt 
fipread through the typing lab, resulting in a risk of 



"carryover" false positives in subsequent testing". 

These downstream processing steps wovld be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays in which such different processes take 
place without, the need to separate reaction components 
have been termed •^homogeneous*'. No truly hbmogc-. 
tieous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
aU* developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Allc^peeifu: primers, each with different Fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visualize the 
result Recently, Holland, et al, 13 , developed an as*a£ in 
which the endogenous 5' ^exonudease assay of Tcq DNA 
polymerase was exploited to cleave a labeled oligonudeo- 
tide probe. The probe would only dcave if PGR ampfln- 
cation had produced its complementary sequence. Id 
order to detect the dcavage products, however, a subse- 
quent process w again needed. . ^ nr ^ 
Wc have developed a truly homogeneouA assay for PGR 
and PCR product detection based upon the greatfy in- 
creased fluorescence that ethidium btoinMe and other 
DNA binding dyes exhibit when they are bound to_ds- 
DNA 14 ^ ie . As auttincd in Figure J, a prototypic PCR 
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1 PrincipLc of simultaneous amplification and detection Of 
PCR producL The components of a PCR containing EtBr that are 
fluorescent arefoted-iiBr itself, EtBr bound to other ssDN A or 
daDNA. There Ut a lar^e Cuioresccncc cnhanoctncnt when EtBr Is 
bound to t>NA and traiding is greatly enhanced when DNA is 
douhfc-stranded, Anxr sut&cictu <n)..cydcs of PCR* the net 
increase in dspNA results in additional EtBr binding and a nut 
increase in total fluorescence 
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2 Gel dectrophoresis of PCR Amplification products of the 
human, mtdcar gene, HLA DQtx, made in the presence of 
mcrcasuag amounts of EtBr (up to S ftg/tnl). The presence of 
Etljr iws no obvious effect on the yield or spcdficity of amplifi- 
cation. 





FIGGIS S (A) Fluorescence measurements from PCRs that contain 
0.5 pgftn] EtBr and that are specific for Y-chrotnosoxnc repeat 
$eqoence*. Five replicate PCRs. were begun containing each of the 
DNA* specified. At each indicated cycle, one of the five replicate 
PCRs for each JDNA -was removal from thcrmocyding and tis 
fluorescence measured, Units of fluorescence arc arbitrary. (B) 
UV photography of PGR tube* (0.5 ml Eppcndorf^tylc, polypro- 
pylene microcentrifuge tubes) containing reactions, those statu 
ing from 2 ng male DNA and control reactions without any DMA, 
from (A), 



begins with primers that are single-stranded DNA (s> 
ON A), dNTPs, and DNA polymerase* An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. Thi$ amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per PCR^ 8 , If EtBr is present, the reagents 
that vail fluoresce, in order of increasing fluorescence, are 
free EtBr xteclf, and EtBr bound to the singk-fiiranded 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked b*scs of the DNA 
doublc-hcftx)* After the first denatu ration cyde, target 
DNA will be largely sin^e-stranded. After a VCR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PCR product itself) of up to 
several micrograms- Formerly free EtBr is bound to the 
additional dsDNA, resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
b much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is smalL The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even com jrjuously during, therrnocv- 
ding. 

RESULTS 

PCR in the presence of EtBr. In order to assere the 
affect of EtBr in PCR, amplifications of the human HU 
DQjx gene* 9 were performed with the dye present at 
concentrations from 0,06 to 8.0 a-gfrnl (a typical concen- 
tration of EtBr used in staining of nucleic acids following 
gel electrophoresis is C\$ u^/mf). As shown in Figure 2, gel 
elettronhorcsis revealed little or no difference in die yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PGR, 

Detection of human Y-ehtomownKs specific $e- 
epences- Sexnience-spccific, fluorescence enhancement of 
EtBr as a result of PCR was demons crated in a scries of 
amplications containing 0.5 u-g/m! EtBr and primers 
spedfit to repeat DNA secjucrtccs found on the human 
V-chromosomc 20 - These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA. After 0, 
17, 21 , 24 and 29 cydes of thermocyding, a PCR lor cadi 
DNA was removed from the therraoeyder, and its fluo- 
rescence measured in a srxxxroffaorometer and plotted 
vs. amplification cycle number (Fig. 3A). The shape of this 
curve rcBccts the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— die fewer 
cycle* were needed to give a detectable increase in fluo- 
rescence. Gel dectiwhoresi* oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactions and that Utile DNA synthesis took place in the 
control samples, 

f n addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transUhiminatOT and photographing them through a red 
filter. This is shown in figure SB lor the reactions that 
began with 2 ng male DNA and those with no DNA* 

Detection of specific allele* of the human p-globm 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of the sicklc-ccdl anemia mutation was performed* Figure 
4 shows the fluorescence from completed amplification* 

containing EtBr (O.S ng/ml) a* detected by photography 
of the reaction cubes on a UV oransillominator. These 
reactions were performed using- primers specific for ci- 
ther the. wild-tvpe or skkle-ceil mutation of the human 
fcglobin gene* - The spedfkity for each allele is imparted 
by placing the sickle-mutation site at the terming V 
nucleotide of one prtmcT, By using an appropribte primer 
annealing temperature, primer extension— and thus an> 
plific^ion^can take place only if the 3' nuckodde of the 
primer h corap.lcrocntary to the p-gtobin allele prcAcnt 71 ^ 2 . 

Each pair dfamplmcations shown in Figure 4 consists of 
a reaction with either the wild-type allele spedfic (left 
tube) ©t sieklc-aUeie specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type p-globin individual (AA); from a heterozygous 
sickle p~glpbin individual (AS); and from a homozygous 
siclde p-$obm individual (SS). Each DNA (50 ng genonik 
DNA to start each PGR) was Analyzed m triplicate (3 pairs 
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reactions each). The DNA .type was reflected in the 
jjatrve fluorescence intensities in each pair of completed 
wp\&ctf*on&. There was a significant increase in fluores* 
^ftoc only where a p-globin allele DNA matched the 
primer sct ' When measured on a spectrofluoronictcr 
Mat* not shown), this fluorescence was about three times 
jfort present in a FCR where both p-globm alleles were 
jjibinatched to the primer set* Gel cfcaxophotcsfc (not 
shown) established tnat this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p^lobin. There was 
|itdc synthesis of dsDNA in reactions in . which the allele- 
specific primer was mismatched to both alleles. 

Coorinuovs monitoring of a PCR* Using a fiber optic 
devicerit i$ possible to direct excitation illumination from 
ji spectrofluorometer to a PGR undergoing thcrmocycling 
and to return its fluorescence to the KpectrcftwoPOtpctCT. 
The fluorescence readout of such an arrangement, di- 
rected Rt an EtBr-containing amplification of Y-ehromo- 
some specific sequences from 25 ng of niiman male DNA* 
ia shown in Figure 5. The readout from a control fCR 
wiili no target DNA is also shown. Thirty cycles of FCR 
were monitored for each- 

THe fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
tly rises and.faib inversely wkh temperature* The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (94°C) and maximum at the anneaUn^extenston 
temperature (50°C). In the negaiive-conuol FCR* these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbcrmocyckfi, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is little if any bleaching of EtBr during 
the continuous illumination Of the sample. 

In the PGR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase al about 4000 seconds of therroocyeling, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denatuxauoo. temperature do not 
aigtuficandy increase, presumably because at this temper- 
ature there is no d&DNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluorcs*. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the eiqpcctcd size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-specific probe can enhance the specificity of DNA 
decti-iiui! tr> FCR. The ditniiMt^n of ihcae procc33ca 
means that' the specificity of this homogeneous assay 
depends solely on ihat of FCR* In the case of skkle-celi 
disease, we have shown that PGR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is litUe non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
to ore or less than that required' to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*. Compared with generic 
screening, which is performed on ceils containing at least 
one copy of the target sequence, HIV :detectiqn requires 
ooth more specificity and the input of more total 
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UV photography of FCR tubes containing amplifications 
using EtBr that art specific to wiWUtjpc { A) or sicWte (S> allele* of 
uScmimsni £-globin gene. The ld&<W each p&ir of tubes Contains 
aBde-tpcdfic primers to the wild-type alleles, the right tube 
primers to the sicWe aflete- The phote^aph was taken after SO 
cycles of PGR, and the input DNAs and the alkies they contain 
are indicated. Fifty tog of DNA was used to begin PGR. Typing 
was done in triplicate (3 pattt OF PGfa) for each input DNA: 
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RCmS Continues real-time monitoring of a PCR. A fiber optic 
was oscd to carry, excitation Jigfct tn a KJR in progress and also 
emitted light back to a fluoromcter (see Expenmcntal ^ocoi), 
AmpHficaBon uVmg human malo-DNA £pcoik primers in a PCR 
Starting with 20 ng of human male DNA (too), or in x control 
PC* without DNA (bottom), were roonitorcd. Thirty cydej of 
PCR were followed for each. The temperature Cycled between 
94*C {denaturatiem) and 50*C (aoncalicg and extenwon). Note in 
the male DNA PCfc, the cycle (dmc) depeoaeot mercasc in 
fluorescence At the aooe*Iia^extei>aton temperature. 
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DNA— lip to microgram amounts— in order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DMA m an amplification sijmi&cantfy increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets txi low 
copy-number is the formation of the ^riraet-dimer" 
artifact. This is the rcsuJt of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, Once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PCR targets if those targets are rare. The primfer- 
dimcr product i* of course dsDNA and thus is a potential 
source of false signal in this homogeneous a*$ay. 

To increase PCR specificity and reduce the effect of 
primer-dimcr antplifkation, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube 3 , and the 
"hot-start 1 *, in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 2 *. Prdhpinary results using these ap- 
proaches suggest tbac^TJxncr-dtrocr is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* ceils. With larger numbers of cells, the 
background fluorescence contributed by genomic DNA 
become* problematic. To reduce this background, it may 
be possible to use sequence-sped fie DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to . 
the oligonucleotide primer*' 1 . 

We have shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
thermocycKng. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is already possible with existing instru- 
mentation in 96-well formar*. In this format, the fluores- 
cence in each PCR can be cjuantitated before, after, and 
even at selected points during therraocyciing by moving 
the rack of PCRs to a 96-microwcH plate fluorescence 
reader* 0 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number- Figure 5 shows that 
the larger the amount of starting target DNA, the sooner 
during Pf.R a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and Dotlinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
Known — as it can be in genetic screcning-rcontinuous 
monitoring may provide a means pf detecting false posi- 
tive and false negative results With a known number of 
target molccuks, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR* 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
resuk* due to, for example,, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker tcsuIes in a 
fluorescence increase only after a large number of cy- 
cles — many more than are necessary to dc«ea a true 
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positive. If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of ftuoresocntot signal alone, such controls may 
be important. In any event, before any test based on this 
principle is ready for the clink, an assessment of its fal$e 
positiveftalse negative rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion m PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Human HLA-DQ" AmpHBauiotfcs containing EtfJr. 

PCRs were set up in 100 »4 volumes containing 1 0 mM Tris-HCK 
pH 8.3; 50 mM KC1; 4 mM MgCt units of taa DNA 
polymerase (Perlthw£}mcr Ccru-v Norwalk, CT); 20 pinole each 
of human HtA-DQa gene specific oligonucleotide primers 
and CH27 19 and approximately 10* copies of DQto PCft 
product diluted from a previous inaction. EthidSum bromide 
(EtBr; SigtwO was used M the concentrations indicated b Figure 
2. Thcrmocyding proceeded for 20 circles in a model 4S0 
thcrraocyclcr <Perkin-Elmer Ccum, Norwalk, CT) using a "stco- 
cydc" program of 94*C for 1 miiL dcnaturau'on and GOT* for SO 
sec annealing and 72*C for 30 sec. extension 

Y-chromosomc specific PCR. PCRs (100 ul total reaction 
volume) containing 0-5 EtBr were prepared as described 

For HLA-DQc*, except with different primers and target JDNAs. 
These PCRs contained 1 $ proolc each male DN A-spccutc primes 
YI.l and Vi.2 w , and either 60 ng male, 00 Ug female, 2 ng male, 
or no human DNA. Thcrmocyclirig was SH*C Tor 1 nun- and 60?C 
for 1 min using a "step-cycle* prognutt. The number of cycles for 
a sample were as indicated in Figure 3. Fluoresce nee measure- 
ment is described below. 

Allek-spccificv human £-giobin grotf PGR* Amplincaiions of 
100 |U volume" vsm£ 0 5 ftghnl of £tBr were prepared as 
described for HUUDQt* above except with duTcrcnt prune** 2nd 
target DNAs, These PCRs combined either, primer pair HOFtf 
H0HA <wBo^type globin speciSc primers) or HGP2/HpHS (skk- 
le-glofain spcaKc primers) at 10 pmoJe each piimcr per PCR, 
These primers were developed by Wu ct aL; 1 . Three different 
t4Cg& DNA* were o*cd in separate amplifications!-" 50 ng cacti of 
human DNA that was homozygous for the sftldc trait (55), DMA 
that was heterazrirous for the Stdcle trait (A$h or DNA that was 
homozygous for UW W.t- globin (AA). ThcTmocycGng Witt for 30 
cycles at 94*C for 1 min. and 55*C for 1 min. using 0 •'irtcp-cyd^' 
program. Ail anri«U»g ttropcraturc of 55^C bad been shown by 
Wu et al. 2j to provide ailcJc^pcrirk amplication* (Mpfetcd 
PCRs were photographed through a red filter (Wratten^zSA) 
after placing the reaction lube* atop a model TM-36 trsnfliaurjAi- 
nator (UV-producti San- Gabriel, CA). 

FhiO i e & « lK e measnrenigm. Fluorescence measurements were 
nwd* on PCRs containing EtBr in a Fluorotog-2 tooromtfer 
(SFEX, Edison, NJ). Excitation was at the 500 nm band wtfh 
ahout 2 nm bandwidth with a OG 435 ntn cut-off fiUer jMcIles 
Crist Inc., Irvine. CA) to exclude sctwnd-order light : > 
light was detected at 570 nm with a baud«idtl) of about 7 nm. An 
OC 530 pm cut-off filter was used to remove the exotauon hgflt 

ContimtooA miore5tcenoe xnomtormg of PCR. Coftpnuous 
monitoring oiF a PCR in progress was accomplished using tnC 
spectrofluorometer and setdnga described Above is weU a* a 
nhcroptic accessory (SPJ&X caL no. 1950) to both send exctfauon 
6ght to, and receive emitted light from, a PCR placed in a weU oJ 
a model 480 wwwydcr (Ftrkm-Eloaer Cetus). The probe end 
of the fiberoptic cable was attached with "5 o>in utc-cpoxy" to W? 
open top of a PCR tube <a 0.5 ml polypropyienc centrif^c tube 
with its cap removed) cffeawely scaling h- The c^posexl top 
the PCR tube and the end of the fiberoptic cabJe were s^Wcd 
from room light and the rooto lights were kept dutuned du^mg 
each rufl. The moniuored PCR was an amplihcaudn of V-cfaio- 
mosdme-spedne repeat sequences as described above, exeep 1 
using . an anncaling/extensicn aroperauirc of SO^C, The reaction 
was covered with K»'u*era] oil (2 drops) to prevent fivaporaaoij- 
TbcTTOOCyding and fluorcJCCOCC Bbcasurenicnt were starteo si- 
multaneously, A time-base son with a 10 second integration t» nc 
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u«5d and the emU&ioa signal was ratiocd to' tbc excitation 
.nigrtAl to control for changes in Ji§ht-»ourcc intensity. Data were 
fleeted using the droSOOOf, version 2.5 (SFEX) data system. 
Acltiitowtataafcents 

VFc itanR Bob Jones for help with the spectroHuormctric 
(jwyworcmciUJ and Healherbeff Fong for editing this manuscript. 

jklfcetteo* 

1, Mulli* K., Falootia; F.. Sshzrf, SaiKi, R., Hqrn, G» and Erfidk, H. 
Iflfla. Specific enzymatic amiritficaiipri of DNA in vitro: The ppi/roer- 

2, Whit*. X J„ Arnhciro. R and Erikh. M. A. The poJyracrasc 
chain reflcdott. Trends Genet. S:1SB-1$9. 

3, ErNch, a A., Gelfend, D. and Sronsky, f. f . l$9l . Rcccm sdvancca in 
tta polrmcncsc Hcrin. reaction. Science £&1&43-16S1. 

4, Saifci. GeJfand, O.H., Stoffel S., SdwH, S.J.* HiguchS. JL, 
H«ro, G.T., MuEia, K. B. Exlich, H.A. Fnmer-dtrcetcd 
oiwynyrtk wnptifirarioit cf DNA w*tb si thermostable DNA iwJrowr- 

Science £99i4$7-491. 

(S. Sfliki. It K,, Walsh, R Uveay**, C. H. and Erlich, H. A, 1959. 
Genetic aoaJpla «f ampHficd DNA **dk bnroobflizcci sequence-specific 
ojigapudrotidc piube*. Proc Nad. Ac*iL 5d USA £££250-6254. 

6. Kwok» S. Y.. MacV. D. H., Muffis* K_ B„ Fcvoz. B.J., EhiCeh, G. D- 
CUaJr. D. And Friednuuv-Kicn, A, 5. I&iitifck&rn «f human 
■ramuttodeBdency virus *cquenecs by using in vitro enzvntatk ample* 
flection audi oligomer cleavage detection.}. VlroL 61:l£d(MqSK. 

*. ChehM>* F. F, Dohcrty. m., Cat S. P... Kan, Y. W„ Coopcc, S. and 
Rubin, K. M, I9a7. Detection of ridtle cc3 anemia and thabsicmL-fci. 
Nuivre JR9:295-29*. 

5, Hern, C. T.. ftjdutrxfe, B. and Klit^er, K. W. t$89. Amplification t>f a 
highly polyroorphic VKTK segment by the pctytneraieehzin reaction 
Nuc Ackh Kex. Ife?t40. 

9, Kirex, E. T>. ypd Don^fc M W. 1990- tamd-analysto and porifrcafoa of 
pdymemc chain n^ctkHi produce bvjiigtvpcr forma ncc liquid ebro- 
ynato^rapfiy, BiotcchitiqueA &54<>-4&* 

10, Hdcer; D, Cohen, A.S. and Kar^ir, », U 1990. Scpamiod of 
PNA rtntriction fragmcntx by h»gh pcrforroapct capifhry dkxtropho- 
reftlfl will* km and ^ero crtwsHnted palyacTybumiic using eominunus 
And pvlxd ekeuk field*, j. Giromalojr. S1&S3-^ 

11, Rvok, S, Y, and Higuchu R. (?. 1989. Avoiding ftbte pcrrirrrw with 

12, Oi^bab, F, F. nod Kau, Y. W. 1969, DettoJott of specific DNA 
Kqueiie&t hr HiKH-c«crncc ampllficatioo: a c&hr craiptcsuccuailoti 

IS. Hoi 



w. Pnx- N^tl. Acad: Sd. USA 3&:9I7£*-9182. 



199L Detectkw of sped fie polymerase chain reaaioti prnduri hv 
utihziair the 6' to y cxonuleaic activity <?f Thcrm«s «n£^v,^^M? 
polyrocrw, Proc Nad A^d- Sci. OSA88:7276-72$o7^ A 
H, Markovitt, j. ( Roqirca. B. P. and U rec^ r J. B. 1979. ZtoMfan 
a new rcamit fbr the fiuorinictric decrnnmatwu of nncl^^Sj 

tS. Kapuiidflxki, j. awi &qct, W. 1979. Interactions of 4',6-diatnMm^9 
o^yjindolc Kkh iynthctk poiynwdcodde*. Nuc AciiTRw ^Jf- 

IS. 5earlc» M. S. and Emhicy, K, J. 1990. Sotjuerw-tpetffic mterarfi™ rt r 
Howcfn 33258 wicb the groov? of an Wmr*r£? nKi^ 

Arnhcira, K. 1988. Afnpjfficarion and anal}-«j pf DNA^^.!^ 
Aaf?kr human speno aod difiFlbid cdl». Natunr 33finn ^_ ^ A 111 

18. Al>bott, M. /L. PoJex^ B.J., Byrne, B. C. Kwi>l, S. Y., S^Lkv t r 
arad Erfcch, A. 1988. Enzyro«ic gene ampEftcat^m: qxi^Ml 
yiantitathft noctlwds for detecting pn>vir*l d^ia ampSfi^ ^ jfo^T 
Infect. Di*. IS8:i 1,5$. '-'* 

10. atki, ft. ?L, Bugawan. T.U, H<im, C-T^ MttHts. K_B *txi Ette-h 
H, A. 198G. Anatyris of cnzymnlkrtto amnlnicd p-gfobin m? v 

20- Kwin, S. a, Dobeny, M- and Oitscbler; J. 1987. A n Imbmved 
mediod for. prenatal dtagooai* of ttndic fcies , n ,iL^^7 
ampKfiod DNA sequences. N. Engl. f. M«L 517.-955-^5 ^ 

Zi. Ww, D. Y.» UgoaooK, 1„ P*J, ft. K. and Wallace, bl B. 198$ i^.^ 
ipeeiiie en?ynj&lk ampliGeatkm of ^giobin gftoonaic DNA ibr dbr 
nos» of ftldtk eetl ancnua. Proc NatL Acad. 3d. USA 86:2757 9"S" 
KwoL, S., KctkOT, D. E. t MeKitaiey, N.. $pa^ D. t ^odt //Tl^" 
?o?» f .C and SnitwkyJ. J. 1990. 5££qcU prbncr-tonptite nSi^S« 
on the {rtrmicrasc ch»n rcaaion: Human ininnaxKkBcUrw^- «T«l! 
iype 1 inodcl stwKei. N«. Ackk Res. I8:9$9-J005. ^ 

S3. Chou, 0^ Rw^eH M. Biieh, D„ Raymond; J. and Blocfa w 19Q9 
Ptwmion of jwe-PCR mis-priraing and primer cwierttaKoh iiri 
[xrovts lof-tapy-numbcr arapoGcauioRSi Sub^nitiecl. 

24. rii^r.h^ iL I9«9. Using fCk to engineer DNA* p. 6l-7o T»- pt& 
Technology. H. A. E^ich (Ed.). SweW phss, New Y or v w Y 

j. E, and WoiinVmbcTfr T- 1991. A Hi^^orn^D^J^^^ 
awttsiMrtfon of the polymerase <^«jn reaction. Btc^oduu^u^ l<hlQ2_ 
10d, 1^6-* 112. 

26. Tutnow, N. ^ndKahatv L im Fluoreeceiil ElA ?at ^ tl of 
monodonaJ «niboxj|te« to cell surface annWnx. I J? V* 




IMMUNO BIOLOGICAL LABORATORIES 



SCD-14EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CO -14 is a receptor for lipepotysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concentration of its soluble form is aftered under 
certain pathological conditions. There- is evidence for 
an important role of sCD-14.with pofytrauma. sepsis, 
burnings and inflammations, 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monftoring these patients. 



1BL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-cutture 

superoatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
rnonoclonal antibody, 
2x1 hour incubation, 
standard range; 3 - 96 ng/mi 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 



For more information caH or fax 
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SIMULTANEOUS AMPLIFICATION AND DETECTION OF 
SPECIFIC DNA SEQUENCES 

ftussell ffiguchi*, Gavia Bolliaigijr 1 , P* Sean Walsh and Robert Griffith 

Roche Molecular System*. Inc. 1400 55rd Su Ei&eiyvilte. CA 94608- 'Cuiron Corporation, 1400 53rd St., Emeryville, CA 
94608, ^Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires die addition of ethidium bromide 
(EtBr) to a FCR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally* In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of fCR 1 to. clin- 
ical diagnostics are well known?' 5 , it is trill not 
widely used in this setting, even though k is 
font- year* «aco thermostable DNA polymer- 
ase* 4 made FCR practical. Some of the reasons for it* slow 
acceptance are high cost, lack, of automation of pre^ and 
post- PC R processing steps, and false positive results, from 
carryovcT-contamination, The first two points arc related 
in that labor is the largest contributor to cost flit the present 
stage of PCR development. Most current assays require 
uoTTic form of "downstream" processing once tbermocy* 
ding is done in order to determine whether the target 
DNA sequence was present and has amplified. TheAC 
include DNA hybridization**, gel ekctrophoresis with or 
without use of restriction digestion*;*, HPIX?, or capillary 
electrophoresis 10 . These methods are labor-intense, have, 
low throughput, and are difficult to automate- The third 
point is abo closely related to downstream processing. 
The handling of the PGR product in these downstream 
processes increases the chances that amplified DNA .will 
spread through the typing lab, resulting in a .risk of 




carryover" false positives in subsequent testing \ 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays in. which such different processes take 
place without , the need to separate reaction components 
have been termed ^mogeReous' 1 . No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Ghehab, et 
a]. l % developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product AUck-specifijc primers, each with different fluo- 
rescent tags* were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result Recently, Holland, et a*> 19 , developed 
which the endogenous 5' exdnudease assay of Taq DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR ampfcn- 
cation had produced its complementary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process is again needed, 

We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon the greatly in- 
creased fluorescence that ethidium bromide and other 
DNA binding dyes exhibit when they are bound tevds- 
DNA 14-16 . As outbneo* in Figure J, a prototype PCR 
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RC0SE 1 Principle of simultaneous amplification and detection of 
PCR product, The component* of a PCR codtjinh?^ Ef»r that arc 
fluorescent are listed— EtBr itself, EtBr bound to other ssDN A ot 
daDN A, There is * lar^e fluorescence enhancement when EtBr is 
bound to t>NA and binding is greatly enhanced when DNA .is 
double-stranded. Ato sutticictit <n) .cydcs of PGR* the .net 
increase in dspNA resuks in- additional EtBr bfibding, and 3 net 
increase in total fluooroccncc 
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RWK 31 Gd dcctrophcresis of PCS. amplification products of the 
human, mtdcar gene, HLA DQa, made in the pretence of 
increasing amounts of EtBr (up to 6 M-g/ml). Tbc presence of 
fctfcr lias no obvious effect on the yield or specificity of amplifi- 
cation. 



A. 




0 17 21 
\ \ I 



25 29 
/ / 



2(10 




HCCtS $ (A) Fluorescence measurement?, from PCRs that cooiaia 
0.5 jJtg/nJ ElBr and that are specific for Y-rchrotnosomc repeat 
seqoetice*. Five replicate PCRi **ere begun containing each of the 
DNAs specified. At each indicated cycle, One of the five replicate 
PCRs for each DNA -was removed from thennoevdzng and its 
fluorescence measured. Unit* of fluorescence are arbitrary, (ft) 
UV photography of PGR tube* (0.5 ml Eppcndorf^tylc, polypro- 
pylene fntoxMXrttrifuffc tubes) confining reactions, those start* 
ing from 2 ng male DNA and control reactions without any DMA, 
from (A> 
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begins with primers that are single-stranded DNA <ss- 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per PGR* 8 , If EtBr is present the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the dovblc^stranded target DNA (by 
its tntercakfion between the stacked bases of the DNA 
doubJc-hcfix). After the first denatu ration cyde, target 
DNA will be largely single-stranded, After a PGR is 
completed, the mosl significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrograms- Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during, thermocy- 
cling. 



RESULTS 

PGR in the presence of EtBr. In order to assess the 
affect of EtBr in PGR, amplifications of (he human HLA 
DQot gene 19 were performed with the dye present at 
concentrations from 0,06 to 8.0 u,gfail (a typical concen- 
tration of EtBr used tn staining of nucleic aads following 
gel electrophoresis is 0*5 p-g/mf). As shown in Figure 2, gel 
electroohorcsis revealed little or no difference in the yield 
or quality of the ampliftcation product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PGR, 

Defection of human. Y-chrt>ntowmc specific se* 
onences* Sequence -specific^ fluorescence enhancement of 
EtBr as a result of PGR was demonstrated in a scries of 
amplifications containing 0.5 u.g/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc 2 *- These PCRs initially contained cither 
60 ng male. 60 ng female, 2 ng male human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
1 7, 21 , 24 and 29 cycles of thermocyding, a PCR for each 
DNA was removed from the thermocyder, arid its fluo- 
rescence measured in a spcetroflnoroffieter and plotted 
vs. amphfication cyde number (Fig. 3A). The shape of this 
curve reflects the fact that by the titne an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number. 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— *he fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel dectiwftwests oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected skc were made in the male DNA containing 
reactions and that Iktlc PNA synthesis took place in the 
control samples. 

in addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transilfujTiinatOT and photographing them through a red 
filter. This is shown in figure SB lor the reactions thai 
began with 5 ng male DNA and those with no DNA. 

Detection of specific aJJcIc* of the human fl-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a d&ccuon 
of the SKklc-cefl anemia mutation was performed* Figure 
4 shows the fluorescence from completed ampTnication* 

containing EtBr (0.5 ^g/ml) a* d«t6ct£d by photography 

of the reaction tubes on a UV rransilluminaior. These 
reactions were performed using primers specific for ci- 
ther the. wfld-type or sickle-cell mutation of the human 
p-gtobin gene* \ The specifldty for each allele is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension—and thus am- 
plification — can take place only if the 3' nucleotide of the 
primer i$ conaplc^ncntaty to the p-gJobin allele pie*cnt* J,£2 . 

Each pair of amplifications shown in Figure 4 consists of 
a reaction witb either the wildHype allele specific (left 
tube) or skkle-aUele sped fie (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type &globin individual (AA); from a heterozygous 
sickle p-glpbin individual (AS); and from a homozygous 
sickle p-giobm individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR} was analyzed m triplicate (3 pairs 
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p f pactions each), The DMA type vas reflected in the 
^atrve fluorescence intensities in each pair of completed 
wm plifkati<>iis. There was a significant increase in fluores* 
ccnoc only where a $-globin allele DNA matched the 
ptirocr set. When measured oa a spectrofluororaeter 
Mata not shown), this fluorescence *vas about three times 
that present in a PCR where both 0-gtobin alleles were 
mismatched to the primer set. Gel cicctrophofcstt (not 
phown) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p^globin. There was 
litdc synthesis of dsDNA in reactions in. which the ailele- 
*pcdfk primer was mismatched to both alleles. 

Omtimioas ro<witoriog of a PGR. Using a fiber optic 
device; n h possible to direct excitation illumination from 
n spectrofl uorometer to a PCR undergoing thermocycling 
and to return its fluorescence to the Kpeetroftuorometer. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr*containuig amplificadon of Y-chromo 
some spcci6c sequences from 25 ng of human male DNA* 
is shown in Figure 5. The readout from a control PCR 
w hh no target DNA is also shown. Thirty cycles of PGR 
were monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the therm ocyeiing, Fluorescence inten- 
sity rises and. fails inversely with temperature. The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (94°C) and maximum at the annealin ^extension 
temperature (50°C). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbennocycks, indicating that there is 
fade dsDNA synthesis without the appropriate target 
DNA, and there is little if any Weacfwig of JEtBr during 
the continuous iUumination of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds" of thcrmc<ycling, and 
continue to increase whh time, indicating that dsDNA is 
being produced at a detectable leveL Note that the fluo- 
lesecnce minima at the denaturatioo. temperature do not 
significantly increase, presumably because at this temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
or the amplification is followed by tracking the fluores- 
cence increase at the aaneafinj temperature. Analysis of 
ihc products of these two amplications by gel electropho- 
resis showed a DNA fragment of the ejected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-specific probe can enhance tlie specificity of DNA 
defciAivi) Uv PGR. The cHraiiwtkm of (hate processes* 
means that' the specificity of this homogeneous assay 
depends solely on that of PCtL In the case of sickle-celi 
disease, we have shown that PGRakwc has sufficient DNA 
sequence specificity to permit genetic screening- Using 
appropriate amplification conditions, there is little non- 
specific production of dsDNA in the abscacc of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required" to do genetic screening, 
dependi ng on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host ceils*, Comoared wirii genetic 
screening, which is performed or ceils containing at least 
one copy" of the target sequence* HiV detection requires 
both more specrfidty and the input of more total 
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HGGRE 4 UV photography of PCR tubes containing ainpuTjcauoiis 
using EtBr ibat are specific to wild-type (A) or licWe (S> alleles of 
the human p-gtobin gene. The left of each pair of tubes contains 
aflde-tt>cdrjc primers to the wild-type alleles, the righj lube 
primers to the sicWe aflek- The photograph was tafceh after 30 
cycles of PCR, and the input DNAs and the alkies they contain 
are mdkated- TFlfty tog of DNA was used to begin PGR* Typing 
was done in triplicate (3 pain oF Tor each input DNA 
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IftfnfS Continuous, real-time monitoring of a PCR. A fiberoptic 
was used to carry excitation light to a PCR m progress and also 
etoHfcri light back to a fluoromctcr (see Experimental fVttocoj). 
Amplification using human malo-DNA specific miners in a PCR 
Starting with £0 ng of human male DNA <toj>>, or m a control 
PCR without DNA (bottom), were roonhorrd, Thirtvcyd^ of 
PGR were followed for each. The temperature Cycled betweert 
94X (denaturation) and 50*C (anneaUog and extension). Note in 
the male DNA PCR, the cycle (time) deptnrfcet increase in 
fluorescence at the anneaE^cxteusura temperature. 
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DNA— up to microgram amounts—in order to have suf- 
ficient numbers of target sequences. This large amount of 
staxting DNA in an amplification sigftifrcanUy increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that ocean with targets irt tow 
copy-number is the formation of die ^rimer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer 35 a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PCR targets if those targets are rare. The primer- 
dinner product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous a*$ay. 

To increase PCR specificity and reduce the efXcet of 
prioteivrliincT arripiirkarion, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube 8 , and the 
'■hot-start*', in which nonspecific amplification ts reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Prclhninary results using these ap- 
proaches suggest tbatprOTcr^dtrocT b effectively reduced 
and it is possible to aetect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* cdts. With larger numbers of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce thjg background, it may 
be possible to use sequence-specific DNA-bmding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' ^add-on" to . 
the oliraavdcotklc primer**. 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
thermocycKng. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this -assay. Hie fluorescence analysts 
of completed PCRs is alrcadypossiblc with existing instru- 
mentation in 96 -well formar*. In tliU format, the fluores- 
cence in each PCR can be quantitated before* after, and 
even at selected points during therraocyciine by moving 
the rack of PCRs to a 96-micro>vdl plate fluorescence 
reader 4 * 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number- Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and Do Winger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the nutnber of target molecules is 
known — as it can be in genetic screening— continuous 
monitoring may provide a means of detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR* 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
result* due to, for example., inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more' than are necessary to detect a true 
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positive. Xf a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on die presence 
or absence of fluorescence signal alone, such controls rnay 
be important. In any event before any test based on this 
principle is ready for the dink, an assessment of its false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples, 

EXPERIMENTAL PROTOCOL 

Human HLA-DQct gene *mpHfkaUq«a containing EtBr. 
PCRs were set up in 100 j4 volumes containing 10 mM TrtVHCK 
pH 8.3; 50 mM KC1; 4 raM MgC^: $J> units of to* DNA 
pofyiUCf asc (PerkhuEhwer Cctui. Norwalk, CT); 20 pinole each 
of human HtA-DQa ' gene specific oligonucleotide primers 
(JH26 and CH27 19 and approximately 10* copies of DQa FCft 
product diluted from a previous reaction. Ethidium bromide 
(EtBr; Sigma} was used at the concentrations indicated in Figure 
2. Thcrmocyding proceeded for 20 cycles in a model 4£0 
thcrewxydcr (Perkin-Elmer Com*, Norwulk, CT) using a "stcp- 
cyclc" program of 94*C for 2 ran^ denaturation and 6<TC for 30 
sec annealing and 72°C for 30 sec. extensto*). 

V-chromowmc specific PCR. PCRj (100 pi total reaction 
volume) containing TU? EtBr were prepared as described 

for HLA-DQa, except with different primers and target DNAs. 
These PCRs contained 1 $ pmolc each male DN A-spccific prime** 
VI. 1 and Vl.2 M , arid cither 60 ng male, 60 og female, 2 ng male, 
or no human DNA. Thermocytlmg *3S 94^ Tot 1 min. and 
for 1 min using a Vcp-cyde"' program. The number of cycles for 
a sample as indicated in Figure 3. Fluorescence measure- 
ment is described below. 

Allck-spccific, human £-gk>Ma £w># PCR, Amplifications of 
100 y\ volume ntm£ 0 5 MfiAnl of £tBr were prepared a* 
described for HLA^DQ* above except with different primer* and 
target DNAs. These PCRs contained eilW. primer pair HOPS/ 
H014A <wg<HYPe globici specific primers) or HOmipHS (sick- 
lc-riobin specific primers) at 10 pmole each primer per PCR, 
Utese primers were deeped by Wu ct aL- 1 . Three different 
Utget oNAa *ere ujtcd in separate amplifications!— 60 ng each of 
human DNA that was homozygous for the **cklc trait <SS). DMA 
that was heterozygous for the skWe watt (A$k or DNA that w*u 
homozygous for <he w.t- globin (AA). ThcrmocycnTig w«w for 30 
cycles at for 1 min. and 55°C tor 1 min. itsuvg a *Vitep<yiaV 
program. An annealing temperature of 55^ bad been shown try 
Wu et al, 21 to provide, dlcJc^pccmc awplitation. Comp^J 
PCRs were photographed through a red filter (WrattenpA) 
after placing the rcacnon tMUt* atop a model TM-36 transiHumi- 
nator <UV-productS Sah'Gabriel, CA>. 

FhiOTesee^ce measnrenient. FtuOfeiceiKC Tneasurcraen^ were 
mad> oh PCRs containing EtBr in a Fluorolog^ OUorometer 
fSPEX, Edison, NJ). Excitation was at the 500 nra band wim 
Ahour 2 nm bandwidth with a GO 435 nm cut^ff.fiker jMcltes 
Crist. Inc., Irvine. CA) to exclude second-order ligm\ . E^rued 
hght was detected a( 5 V0 nm with a band«idd> of about 7 nm. An 
OO 530 nm cut-off After was used to remove the exdtation hpM 

CoootitHtou* frroracence xnonitoting of PCR, Coofini^ 
monitoring of a PCR in progress vras accompiisbed using uic 
Bpcctrofluorometcx And setungB described Above is weP as a 
fiberoptic accessory (5HEX cat. no. 1950) to both send cxcit3jion 
light to. and receive emitted Ught from, a PCR placed in a well oj 
a model 480 thermocyclcr (Pcrkm-Elmer Cetus)- Tlic probe e^t 
of the fiberoptic cable was attached T^ith "5 mjt».ute-cpoxy' p to tKe 
open top of a PCR tube (a 0.5 ml polypropylene centrifuge tube 
wth its cap removed) effectively scaling it The exposed top ot 
the PCR tube and the end of the fiberoptic caWe were shields 
from room light and the room light* were kept dunmed dutmg 
each rup. The monitored FCft was an awplificaudn of y-djro- 
rnosome-spedne repeat sequences as described above, except 
u$jrj£,an anncah'ns/extension teroperauirc of 50°C. The reaction 
was covered ivith mii>ejrtd oil (2 drops) to prevent fivaporauon- 
Thcrrnocydinif and fluoreiccrjcc measurement verc started u^ 
multancously, A um<sbase «ci»n with a 10 second mtegraaotf tnnc 
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iftAH unsd and the emission signal was ratioed to' the excitation 
jugo*! u) control for changes in light-source intensity. Pad were 
oollccicd using the dn>300Of, version 15 (SFEX) data system. 

yfc itamfe Bob Jones for help with the Sjp^tctrofluormcLric 
HMfuUrcincoiS and Hcalhcrhell Fonjj for editing this manuscript 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Giusti, and Karin Deetz 

Perkin-Elmer, Applied Biosystems Division, Foster City, California 94404 



The S' nuclease PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An increase 
In reporter fluorescence intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the 5' —3 nucle- 
olytlc activity of 7*09 DMA polymerase. 
In this study, probes with the 
quencher dye attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at* 
tached to the 3 -end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Tag DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al. (l) 
The assay exploits the 5'->3' nucle- 
olytlc activity of Taq DNA poly- 
merase^ and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET).< 4 ' 5) During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -> 3' nucleotytic 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. <6) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 

MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethyirhodarnine succinimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3'-blocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-iabeled phos- 
phoramidite at the 5' end, LAN replacing 
one of the Vs in the sequence, and Phos- 
phalink at the 3' end. Following de- 
protection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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FICURE 1 Diagram of 5' nuclease assay. Stepwise representation of the ^^^TvCK 
fcvity of Taq DNA polymerase acting on a fluorogenic probe during one extension phase of PGR. 



mM Na-bicaibonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C 8 220* 4.6- 
mm column with 7-fiin particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the 1AN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRAat nucleotide position 7 from the 
5' end. 



PCR Systems 

All PGR amplifications were performed 
in the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-u.l reactions that con- 
tained 10 tom Trls-HCl (pH 8.3), 50 mM 
KC1, 200 ijlm dATP, 200 \lm dCTP, 200 jxm 
dGTP, 400 u.M dUTP, 0,5 unit of AmpEr- 
ase uracil N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajima-Uiima et al.) (7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. (B) Actin am- 
plification reactions contained 4 mM 
MgCl 2 , 20 ng of human genomic DNA, 
50 nM Al or A3 probe, and 300 hm each 



TABLE 1 Sequences of Oligonucleotides 



primer. The thermal regimen was 50°C 
(2 min), 95°C (10 min), 40 cycles of 95°C 
(20 sec), 60°C (1 min), and hold at 72°C. 
A 51S-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCl 2 , 1 ng of plasmid DNA, 50 nM P2 or 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57°C (I min), and 
hold at 72°C 



Fluorescence Detection 

For each amplification reaction, a 40-^1 
aliquot of a sample was transferred to an 
individual well of a white, 96-well micro- 
ti ter plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a 515-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
d value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission data. 
First, emission intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



Name 



Type 



Sequence 



F119 
R119 
P2 
P2C 
P5 
P5C 
AFP 
ARP 
Al 
A1C 
A3 
A3C 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
probe 

complement 
probe 

complement 



ACCCACAGGAACTGATCACCACTC 

ATGTCGCGTTCCGGCTGACGTTGTGC 

TCGCATTACTGATCGTrGCCAACCAGTp 

GTACTGGTTGGCAACGATCAGTAATGCGATG 

CGGA'lTTGCTGGTATCTATGACAAGGATip 

TTCATCCTTGTCATAGATACCAGCAAATCCG 

TGACCCACACTGTGCCCATCTACGA 

CAGCGGAACCGC1X2ATTGCCAATGG 

ATGCXXTCCXX^TGCCATCCTGCGTp 

AGACGCAGGATGGGATGGGGGAGGGGATAC 

CGCCCTGGACTTCGAGCAAGAGATp 
CCATCTCTTGCTCGAAGTCCAGGGCGAC 



For each oligonucleotide used in this study, the nucleic add sequence as given, £*' n * ed 
?J y direction. There are three types of oligonucleotides: PCR primer, ^^^^ 
in the 5' nuclease assay, and complement used to hybridize to the corresponding P^ f 0 " 
piNhe underlined base Indicates a posiUon where IAN with TAMRA attached was substl 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 
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A1-2 RAQGCCCTCCCCCATGCCATCCTGCGTp 

A1-7 RATGCCCQCCCCCATGCCATCCTGCGTp 

A1 -1 4 RATGCCCTCCCCCAQGCCATCCTGCGTp 

A1-19 RATGCCCTCCCCCATGCCAQCCTGCGTp 

A1 -22 RatgccctcccccatgccatccQgcgtp 

A1 -26 RatgccctcccccatgccatcctgcgQp 



Probe 


518 nm 


582 nm 


RQ- 


RQ+ 


ARQ 




no temp. 


+ temp. 


no temp. 


+ temp. 








A1-2 


25.5 ±2.1 


32.7 ±1.9 


38.2 ± 3.0 


38.2 ±2.0 


0.67 + 0.01 


0.86 ±0.06 


0.1910.06 


A1-7 


53.5 ± 4.3 


395.1 ±21.4 


108.5 ±6.3 


110.3 ±5.3 


0.49 + 0.03 


3,58 ±0.17 


3.09 ±0.1 8 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


109.7 ±5.3 


93.1 ±6.3 


1.16 ±0.02 


4.34 ±0.15 


3.18 ±0.15 


A1-19 


187.5 ±17.9 


422.7 ±7 .7 


70.3 ±7.4 


73.0 ±2.8 


2.67 ±005 


5.80 ±0.15 


3.13 + 0.16 


A 1-22 


224.6 ±9.4 


482.2 ±43.6 


100.0 ±4.0 


96.2 ±9.6 


2.25 ±0.03 


5.02 + 0.11 


2,77 ±0.1 2 


A1-26 


160.2 + 8.9 


454.1 ±18.4 


93.1 ±5.4 


90.7 ±3-2 


1.72 ±0.02 


5.01 ±0.08 


3.29 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing p-acttn probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average ±1 s.D. for six reactions run without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ~ and RQ + values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-well variations in probe concentra- 
tion and fluorescence measurement Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ~) from the RQ value for the com- 
plete reaction including template 
(RQ + ). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human p-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PCR that amplified a segment 
of the p-actin gene containing the target 
sequence. Performance in die 5' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values indi- 
cate that probes AM4, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR, 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5 f nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ"* values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 



518 nm S82 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ" 


RQ + 


ARQ 


A3-6 


54.6 ± 3 2 


84.8 ± 3.7 


116.2 ±6.4 


115.6 ±2.5 


0.47 ± 0.02 


0.73 ± 0,03 


0.26 ± 0.04 


A3-24 


72.1 ± 2.9 


236.5 ± 11.1 


84.2 ± 4.0 


90.2 ± 3,8 


0.86 ± 0,02 


2.62 ±0.05 


1.76 ± 0.05 


P2-7 


82.8 ± 4.4 


384.0 ±34.1 


105.1 ± 6.4 


120.4 ± 10.2 


0.79 ± 0.02 


3.19 ±0.16 


2.40 ± 0.16 


P2-27 


113.4 ±6.6 


555.4 ± 14.1 


140.7 ± 8.5 


118.7 ±4.8 


0.81 ± 0.01 


4.68 ±0.10 


3.88 ± 0.10 


PS-10 


77.5 ± 6.5 


244.4 ±15.9 


86.7 ± 4.3 


95.8 ± 6.7 


0.89 ± 0.05 


2.55 ± 0.06 


1.66 ± 0.08 


P5-28 


64.0 ± 5.2 


333.6 ±12.1 


100.6 * 6.1 


94.7 ± 6.3 


0.63 ± 0.02 


3.53 ± 0.12 


2.89 ± 0.13 



Reactions containing the indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 "*" effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
0 mM Mg 2 * is only slightly higher than 
RQ at 10 mM Mg 24 *, For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2 * followed by 
a gradual decline as the Mg z * concen- 
tration Increases to 10 mM. Probe Al-14 
shows an Intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2 * present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 



582 nm 



RQ 



Probe 



ss 



OS 



ss 



ds 



ss 



ds 



Al-7 

Al-26 

A3-6 

A3-24 

P2-7 

P2-27 

P5-10 

P5-28 



27.75 
43.31 
16.75 
30.05 
35.02 
39.89 
27.34 
33.65 



68.53 
509.38 

62.88 
578.64 

70.13 
320.47 
144.85 
462.29 



61.08 
53.50 
39.33 
67.72 
54.63 
65.10 
61.95 
72.39 



138.18 
93.86 
165.57 
140.25 
121.09 
61.13 
165.54 
104.61 



0.45 
0.81 
0-43 
0.45 
0.64 
0.61 
0.44 
0.46 



0.50 
5.43 
0.38 
3.21 
0.58 
5.25 
0.87 
4.43 



(ss) Single-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of SO nw indicated probe, 10 mM Tris-HCl (pH 83), 50 mM KC1, and 10 mM MgCl 2 . 
(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C for probes Al-7 and 
Al-26, 100 nM A3C for probes A3-6 and A3-24, 100 nw P2C for probes P2-7 and P2-27, or 100 nM 
PSC for probes P5-10 and P5-28. Before the addition of MgCl* 120 id of each sample was heated 
at 95°C for 5 min. Following the addition of 80 »d of 25 mM MgCl 2 , each sample was allowed to 
cool to ioom temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
Increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 nm. If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ , which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ" include 
the particular reporter and quencher 
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mM Mg 

FIGURE 3 Effect of Mg i+ concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 5 18 and 582 nm was measured for solution* containing 50 nM probe, 10 mM 
Trls-HQ (pH 8.3), 50 mM KC1, and varying amounts (0-10 mM) of MgCf 2 . Hie calculated RQ 
ratios (518 nm intensity divided by 582 run intensity) are plotted vs. MgCi 2 concentration (mM 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T mt presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe/ l) 

The rise in RQ~ values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ** than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ" 
value. For the P5 probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe A 1-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C-3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. (9; This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions, The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al; (1> demonstrated that allele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al. <10) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an In- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two Imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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Wc have developed a novel "real time" quantitative PCR method. The method moaoira PCR. prodnn 
accumulation though a diuHabekd fluorosentc probe (Lc„ TaqMan Prob* This mated prov des W 
accurate and reproducible quantitation of f>enc copies. Unlike other quantitative PCR methods rcak .me PCR 
does nor require poa-FCR sample handling* preventing potential PCR product carry-over conamlnaaon and 
resulting In much faster and higher throughput assays. The n»Mlme PGR method has a very large ^ dynamic 
range of starting target molecule determination (at i^t five orders of magnitude). Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid science analysis has 
had an important rule in many fields of biologi- 
cal research. -Measurement of gene expression 
(RNA) has been used extensively In monitoring 
biological responses to various stimuli flan et al. 
1994; HiraiiR el al. 199Sa,b; Prud'homme el al 
1995). Quantitative gent? analysis (PNA) has 
ix-en used to dttitrminc the genome quantity of z 
particular gene,, as in the case, of tlie human HliK2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon et al- 1987), Gene and genome 
quantitation (DNA and RNA) also have been used 
for analysis of human inununodedciency virus 
(liiV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Pltttak ct al. jvv;sti; 
Purtado et ai. 1995)- 

Many methods have lieen dcscrlhcd for tin: 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern VJ/h; Sharp ct 
al. 19K0; Thomas 19«0). Recently, PCR lias 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (K'O-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has mode, pos- 
sible many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided n powerful tool, it is imperative 



that h be used properly r«r quantitation (U»«y- 
maeKeTS 1995), Many early reports of quantita- 
tive PGK and RT-PCR described quantitation of 
ihe VCR product but did not measure the initial 
target sequence quantity. It is essential to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; element! ct al. 
100?.) 

KeNWtrchcrs have, developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures 1*CR product quantity in the log phase 
of the reaction before the plateau (Kellogg et al. 
1990; Pang et a). 1990). This method requires 
thai each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tity, such as p-aclin) tan be uwsd for sample 
uni^hTication efficiency normalization. Usintf 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization)* it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the taTgct gene and the 
normalization gene), Another method, quanth> 
tive competitive (QQ-ECK, has been developed 
and is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Hatak ct al. 1993*,1>). The efficiency of each re- 
action is nomialhxid to the internal competitor. 
A Wnnwn amount of lniwiaJ competitor can be 
anuiM rnc« no i aha wj «c:frT 7ftn7/cn/7T 
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added to each sample. To obtain relative quant* 
ration, the unknown target PCR product is com* 
pared with the known competitor PCK product. 
Success of a quantitative competitive I'CR assay 
relies on developing an Internal control that am- 
plifies with il\C same efficiency as llie Uugel jooI- 
cculc. The design of the coinpctJtoi and the vali- 
dation of amplification efficiencies jequire a 
dedicated effort. Ho wevci', because QC-l^R does 
nor. require that HCR pioducts be analyzed during 
the log phase of (he amplification, it is the easier 
of the two methods to use. 

Severn! detection aysteuu aie u->ed for quan 
Utative l'CK and RT-1»c!R analysis: <1) aguniso 
gels, (2) fluorescent labeling of PCR products and 
detection with ln.ictr-ifidiicr.cl fluorescence using 
capillary elcctrophoreriijj (h'usco el al. 1995; Wil- 
liams ct al. 1996) or acrylaiulde gels, and (3) jilaic 
capture* and sandwich probe hybrid f/.ation (Mul- 
der el al. 1994). Although these methods proved 
successful, each method requires post-VCR ma- 
nipulations that add time to the analysis and 
may lead to labumtoty i onlftu'iination. The 
sample throughput of Ibevr method* i> limited 
(will) I he exception of the plate capture ap- 
proach), unci, therefore, these methods ore not 
well >uiled fiu u>vs» demanding high sample 
throughput (I.e., screening of large numbers of 
1 jWuuwltT\.ul<r> wi analysing .Itkmplva fwi diagnos- 
tics or clinical trials). 

Here we report the development of a novel 
assay for quantitative DNA analysis. The assay is 
based on the u.ir of the S f nuclease assay first 
described by Holland ct al. (1993;. The njethod 
u.scs the -V nucleate, activity of 7Vu/ polymerase to 
cleave a non extendible hyhridl/Ation probe dur- 
ing the cn tension phase of I'CH- Tin: approach 
uses dual -labeled fluorogenic hybridisation 
probes (Lee ct a). 19<>3; Hurler ct al. Mvok 
ct til, 1£9So,b). One fluorescent dye servv.3 as u 
reporter |FAM (i.e., (^carboxyfluoresvcin){ and ils 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (I. ft., fj-carboxy-ietramcthyl- 
rhodarninc). The nuclease degradation of the hy- 
brHHwitlon probe re leases the quenching of I he 
I'AM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission at 53 y wn. 
The use of a sequence detector (A13I Prism) allows 
measurement of fluorescent spectra of all V6 wells 
of the thermal cycler continuously during the 
1*CK amplification. Therefore, the rcuetiou* ujc 
monitored in real time. The output data is de- 
scribed and quantitative unalysb of input target 
DNA sequences L5 discussed below. 



RESULTS 



PGR Product Derealon in Real Time 

The goal was to develop a high-throughput, sen- 
sitive, and accural c gene quantitation assay for 
use in monitoring lipid mediated therapeutic 
gene delivery. A plasmid encoding human factor 
VIII gene sequence, pI-8TM (sec. Methods), was 
used as a model therapeutic gene- The assay usr* 
fluorescent Taqman methodology and an instru- 
ment capable of measuring nuorescence in real 
time <Aiil Prism 7700 Sequence Oelrclor). Hie 
TdCjinau reaction requires a hybridization prnhe 
lalxlcd with two different fluorescent dyes. One 
Uye Is a report vr dy* (I'AM), the other is quench- 
ing dye (TAMRA). When the pmU: \s inlacl, fluo- 
icscent energy transfer occurs and the reporter 
dye fluorescent emission is ubsorbed by the 
quenching dye (TAMRA) . During the extension 
phase of the l'CK cycle, thcvfluorcscent hybrid- 
bwdlo.i probe Is cleaved by the 5'-.V nueleolytic 
actlvity of the. DNA polymerase. On cleavage of 
the probe, the reporter dye emission Is no longer 
transferred efficiently to the quenching dye, re 
suiting In on Increase of the reporter dyo fluores- 
cent emtx-iioii fcpectra, VCR primers and probun 
were ^iesigut-d foi lh« human fiictof VJ1J se- 
quence and human p-actln gene (a* described in 
Methods). OptJuiizallon reactions were per- 
formed to choose the appropriate probe um] 
•magnesium concentrations yielding the highest 
Intensity of re|>ortcr Huoreiicent signwl without 
sacrificing specificity. The Instrument uses a 
charge-coupled device (i.e.. CCD eameru) for 
measuring the fluorescent emission apeeln* from 
SOO to C$0 nn». l-acii rc;it tube was monitored 
sequentially f<^r 2f> tn.sce with continuous monl- 
torjng throvjghout th« aiii|ilificiitit>ii. Bach tube 
wan rc.-exandncd every 8.5 see. Computer soft- 
ware was designed to examine the flu ore* scent In- 
tensity of both the reporter dye (PAW) and 
the quenching dye (TAMRA). The I tumescent 
intensity of the quenching dye, TAMRA, changes 
very Utile rrver the course of the PCR ampHfi- 
cation (data not shown). Therefore, the Intensity 
of TAMRA dye emission serves as «n internal 
.ttandurd witli which to nottnulbx; the reporter 
dyi: (HAM) cmlft&loh variations. The .loftware cal- 
culote*j «- value termed ARn (or ARQ) using the. 
following equation: ARn - (Rn J ) (R"')i where 
Rn 4 . emission intcjisity of reporter/emission in- 
tensity of quencher at any given time In o reae 
tlou tube, atul Ru r- emission intensility of 7e- 
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poncr/CmlSSlOT) JliU-mily wf quencher measured 
prior lo I'CU itniplilicalioii in ihnr same reaction 
tube. l ; or the purpose of quantuaitou, the Usi 
three data points (ARm) collected during the. ex- 
tension step for each PCK cycle were analyzed. 
The nucleolytic degradation of the. hyimdixntion 
probe occurs during the extension phase- or rial, 
and, therefore, reporter fluorescent amsMuin in- 
creases; during this lime, 'nut thiw data points 
were averaged for carii KIK cycle and the mean 
value for each was plotted in an "amplification 
plot" shown in 1'igurc 3 A- The AKn mean value is 
plotted on Ihe ysxte, and time, represented by 
cycle number, is plot l fid on theA-axis. During the 
early cycles of the VCR amplification, the AKn 



value remains at base lino When .sufficient hy- 
bridization probe has been cleaved by the Tan 
jxdymcrasc nudftnfiC activity, the inlensiiy of ro- 
porU-r fhiorcjtccm emission inereusvt.. Most 1>CU 
umpliDvMiom read) w pl&leau phoRO of reporter 
f]uore:»cv.Ml emission if the reucliun Is carried out 
lo high cycle liumWis- The amplification plot \ f j 
examined vuily in Uu» reaction, ut a point I hat 
icprcscnU ihe lofl phAW of product arnnnula* 
tion. This is done by ustignlng an arbiUaiy 
threshold thai is bused on the variability of the 
base-line daU- In Vigcm 1 A, the threshold whs set 
at lo standard deviations above the mean of 
base line emission calculated from cry den 1 lo 1 fv 
Once the threshold Is chosen, the point at which 
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Flqure 1 PCR product detection in real time. The Model 7700 software will construe amplification plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification plot <p values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 bmes ihe 
standard deviation of the base line). (B) Overlay of amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with p-actin primers. (Q Input DNA concentration of the samples plotted versus t T . All 
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the amplified km plot crowed the thrctihold'ivele 
fined as C r . C, is reported an the cycle number u\ 
this point. Ar will be demons! ruU«l, the CI, value 
Is ptedlciive of the quantity of input tit r get. 

Cj Values Provide a Quantitative Measurement, of 
input Target Sequences 

Figure IB shows amplification ploU erf 
enl PGR amplifications overlaid. 'Che amplica- 
tions were performed on a 1:2 serial dilution 
human genomic DNA. 'llic amplified target w:u 
human p actin. The amplification plot* shift to 
the right (to higher threshold cycles) n* the input 
target quantity is. reduced. 'J "bis is expected he- 
cuum nmetionx with fewer starting eopitw of t)ie 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence, An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the O r valuer. Figure 1C represents the 
C r values plotted versus the sample dilution 
value. Each dilution was amplified in triplicate 
Pf:R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly wjth increas- 
ing target quantity, Thus, C, valuta can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6-ng sample shown In Figure 
IB does not reflect the same fluorescent rate of 
increase exhibited by most of the other samples. 
'Hie 15.6-ng sample also achieves cmdpolnl pla- 
teau at a lower fluorescent value than would he 
expected based on the input DNA. This phenom- 
enon has been observed occasionally with other 
samples (da i a not shown) and may be attribut- 
able to latft cycle inhibition; this hypothesis is 
still under investigation, it is important to note 
that the flattened .slope and early plateau do not 
impact significantly the calculated C, value us 
demonstrated by the fil on Die line shown in 
Figure 1 C, All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution. Tills experi- 
ment contains a > 1 00,000-fold range of input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. oi iluorcsccnt in- 
tensity measurement of the. AIM Prism 7700 se- 



mt»hf£ over n very large r;m$>e nf r^UUve starMnp, 
target quantities. 

Sample Preparation Validation 

Several parameters influence the efllelenry nf 
PC:R amplification; magnesium and sail conceiv 
nations, reaction conditions (i.e., time and iem- 
pe.ru ture), PCH target size and composition, 
primer sequences, and sample purity. All of The 
above factors are common to a single PQt assay, 
except sample to sample purity, in an effort to 
validate the. method of sample preparation for 
the factor Viil assay, PCR amplification reproduc- 
ibility and eificiency oi JO replicate sample 
prrjvaratioTis were examined. After genomic DNA 
was prepared from the TO replicate samples, the 
DNA was quamitaicd by ult/avlolcl spectroscopy. 
Amplifications were performed analyzing p-aciln 
gene, content in 100 and Z$ ng of total genomic 
DNA. Each VCR amplification was performed in 
triplicate. Comparison of C r values for each trip, 
lieate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each oi the triplicate PCM 
amplifications was highly reproducible, demon- 
strating that real time PCH using this instrumen- 
tation introduces minimal variation into the 
quantitative PCR analysis. Comparison of the 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-aclin gene quantity. The highest (> 
* difference between any of the samples was 0.85 
and 0.7] for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rate of fluoro 
cent emission in tensity change per amount of 
DNA target analyzed as indicaicd by similar 
slopes derived from the sample dilutions (Pig. 2). 
Any sample containing an excess of a PCX-inhibi- 
tor would exhibit a greater measured (3-aaJn C T 
value for a given quantity of DNA. in addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (lig. 1) t altering 
the expected C ( . value change. Each sample am- 
plification yielded a similar result in the analysis, 
dcmonstraiing that this method of siimple prepa- 
ration is highly reproducible with regard to 
sample purity- 

Ouantiudve Analysis of a Plasmid After 

7ncfl no/ «frR wj fte:frT 7nn7/cn/7T 
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Tabl* 1 , Reproducibility of Sample Preparation Method 



1 



4 
5 
6 
7 
3 
9 
10 

Mean 



100 ng 



Sample 

no. C T 



standard 
m£*n deviation 



CV 



18.24 

18.23 

16,33 

18.33 

18.35 

1B-.44 

18,3 

18.3 

18,42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18,54 

18,<i7 

19 

18.28 

18.36 

16.52 

18.45 

1B.7 

18.73 

18.18 

18.34 

16.26 

18.42 

18.57 

1 8.66 

0 io) 



13.27 0.06 

tfc.V 0.06 

18.34 0.07 

18.23 0.0S 

10.42 0.04 

18.74 0.24 

18.39 0.12 

18.63 0.16 

18.29 0.1 

18.55 0.12 

18.-12 0.17 



0.32 
O.V 
0.36 
0.46 

0.23 

1.26 

0.66 

0.83 

0,55 

0.65 
0,90 



20.48 

20.55 

20,5 

20.61 

20.59 

20.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



25 ng 



standard 
mean deviation 



20*51 



20.4 3 



20.68 



20.51 

20.73 
20.66 



0.03 
0.11 



20,54 0.06 



0.05 



20.73 0.13 



21.06 0,03 



0.04 



20.86 0.12 



0,07 

0.1 
0.19 



cv 

0.17 

0.54 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.46 
0,94 



(or containing a partial cDNA for human factor 
VIH, ni-BXM. A scries of transections wa.<t sot 
up vising a decreasing amount of ihc plasinid v (40, 
A, 0.5, and O.l ng). Twrsmy-four hours po.st- 
trflH5f«t*iinn, total DNA was purified from each 
flask of irih. (5-Acliii gene quantity wa* cIiumtm an 
a value for normal lot ion of genomic. TJNA con- 
centration from tadi ytuuplc. In this experiment, 
(i-actin gene content should' remain constant 
relative to roral genomic DNA. Figure--* show* Ihc 
result of the p-actln DNA measurement (100 ng 
total D'NA determined by ultraviolet spectros- 
copy) oi each sample. Kach sample was analysed 
in triplicate and the mean p-actin Cy values of 
the triplicates were plotted (error bars represent 

r*T.-».iniri Mwiatiorn 1 h#» htph**sr <iiftrrrnrp 



betw<toii any iwo sampta moans was 0MS C,- Ten 
nanograms of total DNA of each sample were also 
examined for jV&Clin. lllC results ogam >Jmwcd 
that very similar amounts of genomic PNA were 
present; tin: maximum mean actio O, value 
difference wa.s 1 .0. A3 Figure 3 shows, the rate of 
P-actiU C; r change lxrlwocn the 100 arid 10-ng 
sojnplci was simitar (slope values rang« bwtwotm 
3,56 and -3.45). Thts verifies again 'this 
method of .sample preparation yields triples of 
identical PCR integrity (i.e., no sample contained 
an excessive amount of a PCR inhibitor). How- 
ever, these results Indicate that each sample con 
talned slight diffeiencex in the actual amount of 
genomic 1>NA analysed. Determination of actual 
ttenoniic ON A v.onccn1 ration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicate 
camples shown In Table 1 wore also amplified In 
tripicate using 2S ng of each DNA sample. The fig- 
uie shows the input DNA concentration (100 and 
25 ncj) vs. C, In irw figure, the 100 and ?S no; 
points for each sample are connected by a line. 



hy plotting the mean (J-act in O, value obtained 
for each 10O-l!g sample wn a JUactln standard 
i.-uive (shown In Pin- ^O). The actual genomic 
DNA concentration of each sum pit;, <t, was ob 
t dined by extrapolation to tliu Xiwdi, 

Figure 4 A shows the measured' (I.e., nun- 
normalised) quaulilie.N uf factor VJJJ p1n*inid 
DNA (pFtsTM) from each of tint four transient eel] 
tninjifections. Each reaction contained J 00 ng of 
total sample DNA (as determined by UV spectros- 
copy). Vach sample was analyzed in triplicate 



2S. 



a 



21 



20 



'y -27.73' <U"rl(.l 



• 0*9 (to 



0.3 



1.4 




M 1-5 1.8 
log (ng Input DNA) 

Figure 3 Analy»l» uf lidn&fectcd ccJI DNA quantity 
and purity. I lie DNA preparations of the four 293 
cell transections (40, 4, 0.5, and 0,1 u.g of pF8TM) 
were analysed for the P-actln gene. 1 00 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM mat was transacted, the {3-actln 
C T values are plotted versus the total Input DNA 



PC.U ;rmplifi cations. As shown, pFBTM purified 
..hxue Jbc 29H cells decreases (mean C, values in- 
cruitrftf) with decreasing amounts of plasmid 
,trui circled- The mean C t values obtained fur 
phWM in Ti jure 4A wore plotted ou u standard 
curve comprised uf scs lolly diluted pr'HTM, 
shown .in figure 4R, The quanliiy ui pl-KTM, b, 
found in each of the four transections was de- 
termined by extrapolation to the x axis of the 
standard curve In Pigurc 4Jt. Ilutsc uncorrected 
values, h, for pVHTM were nor mailed to deter- 
mine the actual amount of pI'8'fM fun ml per 100 
riK of genomic DNA by using the equation:. 

b x 10 0 nft ^ uuual pPfnTvl copies t>er 
( l r 100 ng of genomic UNA 

where a •- actual genomic DNA in u sample and 
£ w ppflTM copies from the standard curve. The 
normaJi^cd quantity of pl'BTM per 100 ng of ge- 
nomic DNA for each of The four IraatfccWona ta 
shown in Mgure 'Hi cm: roulh Micm thai ihc 
quantity of factor Vlll plasinld associated wiih 
the Zn cells, 21 lir after transection, Ot:t.i«.:.ises 
with dccrcasliij; planum} i.um.eutiatjou u.sed hi 
the transection. 11 it: quantity of pl'BTM nwoeJ- 
atcu with 293 celb, dftcr trunsfectlon with 40 ixg 
of uiasmid, was 35 pg per 100 ng {jenumlc DNA 
This results in -520 plasinid copies per cell, 



WSCUSSJON 

Wo have described a new method for qua n tit m- 
infc gene copy numbers using foaMlmc analysts 
of PCR arnpUficatlcms. Reai-tlmo PCK is a>mpat- 
iblc with cJther of tlie two PGR (KT-PCR) ap- 
proaches: <1) quantitative con »rx-.i hive where An 
interna) cumpcliior for each target sequence i» 
used for normalisation (data not shown) or (2) 
quantitative comparative PCH usJug a nun indica- 
tion gene contained within the sample (i.e., p-ac- 
tin) ox a "housekeeping" gene for RT-J*CK. ff 
equal amounts of nucleic odd are analyml for 
each satuplc and if the amplification efficiency 
before quantitative analysis t> identical for each 
sample, the rnrernai cunluii (nujmali^jtion jjene 
or competiujr) should Rlvc equal Mj;nals for alJ 
sump Ics. 

The real-time PCH method offers several ad- 
vantages over the other twn methods currently 
employed (see the introduction). First, the real- 
time PGR method is performed in a doscd-tube 
system and requires no p>st-PCR manipulation 
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Flrjure 4 Quantitative «nalyi;i* of pFSTM in transfected eclb. </4) Amount of 
plasmid DNA used for I he trunsfectlon plotted against the im-un C", value deter- 
mined for p/*8TM remaining ^ hr after transection. (0,C) Standard curves of 
p/WM *nd P-actln, respectively. pf8TM DNA (0) and genomic. UNA (Q were 
diluted AArlally 1 ;<> before arnplificatlort with the appropriate primers. The p-actin 
standard curve wa* used to normalise ihc results of A to 100 ng of genomic DNA. 
(0) The amount of pF8TM present per 100 n<j of genomic DNA, 



of sample. Therefore!, (In* potent i«J for TCR con- 
lamination in the laboratory is reduced because 
amplified products can Ik* analysed and disposed 
of without opening tin' ruMction tubes. Second, 
this method suppoiU the use of a iiorm<i1ix<itk>i] 
gene (La, J3-«ctin) for quant itative PGR or house- 
keeping genes for quantitative RT-l'CK controls. 
Analysis is performed in real time during the Jog 
phase of product accumulation. Analysis during 
h*K phase permits many different genes (over a 
wide input target range) lo be analysed simulta- 
neously, without concern of reaching reaction 
plateau at different cycles, litis will make nuill!- 
gene analysis assays much caMei lv develop, be- 
cause individual internal t.winpeUtoi> will mil be 
necded for each gene under analysis- Third, 
sample throughput will un.ieasc ditmialicdiiy 
with the new method because, there h no |w>M. 
TCK processing time. Additionally, woiking In a 
96- well format Is highly compatible with auto- 
million technology. 

The real-time 1>CR method is highly repro- 
ducible. Replicate amplifications can be analyzed 



for f^.ich sample minimising jnMcntUU error. The. 
sysittiTi allow* for a very large assay dynamic 
runge (approaching 1,000,000 -fold Marting Uii- 
gel). Utthia u Mandarcl curve for the target ol in- 
terest, relative copy number values can be deter- 
mined for any unknown sample. Fluorescent 
threshold values, Op vionrJatr. linearly witti rela- 
tive DNA copy numbers. Real time quantitative 
K'M'CJU methodology (Oibsoji et ah, tills l.«ufc) 
ha* also been developed, Fin ally, real Umt quan- 
titative I'CH methodology can be used tu develop 
high-throughput screening assays for a variety of 
applications [quantitative gene CAfncdaiuu (KT- 
PCb), ftene copy oanays (I1cr2, IJ1V, etc.), jjeno- 
typlng (knockout mouse analysis), and Immunu- 

pguj. • 

Re.al-time PCM may al.w he jTcrformexl using 
intercalating dyes (Hlguchi ci al- such as 

cf Jiid turn bromide. The fluorogenic probe, 
method offers a mafor advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dlmers and nonspedflc PC.R products are not des- 
tined). 
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METHODS 

Generation of <t PUsmtd Containing a Purtlol 
cDNA far Human Factor VIII 

Total KNA w<u harvested (UN Awl U ' 1 ' t '> T<? *h 
rf)c.ndawood f TX) fruiu cv)l> » • Aitafectcd ~«h tt factor VI It 
exjireasJuu vector, pC:)S2.tk^U (Katon et id. 19H6; Gor. 
man c.t al. 1900). A faclor VIII partial cUNA wvpi<*mv WAS 
ft t fit.rn<c<J by in* K:lr'|<;i*iieAmp VX tTlh ItNA Kit 
(pan NW>K-0r/9, l'b API Hun] UiOSyitcmS, Postvi City, CJ\)] 
u*ln$ the l»c:u piiun-rs PHfor »ml Ittrcv (primer sequence* 
arc Ahown below). Hit* amp] Icon was /©amplified usinp, 
modified iWor and Wrcv primers (ippeiuUKl with HumU\ 
and HmdUl restriction sire sequences mi the v epdj ami 
cloned Into jXiKM- 3Z (Pronu^u c;orp„ Maihxou, Wl).The 
resulting ckinr, pPRTM, was uwil l«r transient transfccilon 

ClJ* Vft CCJK. 

Amplification of Target DNA ami Duiccilon of 
Amplicon Factor VIII Plasmid DNA 

(pr'HTM) was tnnpllfluil wtih \\%k ptlimri* lWor S'-CXX:- 

crr(K;(^\AUAu:ixjAtxiicrrc-3' and p»rev .v-aaa<:<,t- 

t^OCXrrOGA'JXUrrAOC-^'.llic rvm/thui pioduwd « 422- 
np hc:k product. The forward primer wo* denned to icv 
ngnlxc m unique Mtpirmi' ft mi id lit the 5' untranslated 
region of the. paicui pCU>Z.lk25l> pUvrml <i"d therefore 
dW5 J jut k\:wknUa: and amplify the human faclur VI 11 
gene. I'rimnr* wore chason with the avwrtaure of I he com. 
(Hilcr program Oligo 4.U (Nutiimul lliuAcionvcs, Inc., Ply- 
mouth, MN). The luiman p-acthn g«mc w,iS '"""PlUlcd with 
tlic pruucr> (S-tieliit forward primer S 'TCACCOACAt 7V( IT 
GCCCATCTl'ACOA-.V and fl-actin reverse nitw?r S'.CMi. 

C0GAACCX:t:jx:An<;c:cAATGG-3\ The reaction pro- 
Oucco a 295- hp rf.u product. 

Amplification reaction* (50 uJ) contained a DNA 
sample, Klx PGR Uuffc.r II ixJ)/ 200 u.M dATl\ dGTP, 
dCrr, and 400 |tM dUTP, 4 inn Mg<:i 7 , h'SS Units Ampll 
7W<; DNA poiymcxasc, 0.5 unit AmpKrtisc uracil /V-«iy- 
wwylu.w <UN0) # fiO ptnoJcof each faeU/i Vlll |irlm(.-i, unci 1S 
ptuoh* <H* ituoh |t Jicttn pilmc?, 71 Hi iojvIUm^ uImi <:onUhiccJ 
on<» Of the following detect Inn pmlws (100 nu rnHi): 

]'diirf.»iie A'(KAW)Ac:crrcri , c:cu<:c:Tcicrn , crrrr<:rcjT- 

GCCTT{TAMRA)p 3' «ud p-nain proU- 5 f (TAM)ATCCUX;- 
X(TAMRA)CCCCCATCCCATC|>-.T where p indicates 
phn^phoryMii^n nnd X hidtcotcs a llnUcr arm nucleotide. 
Reaction lulx.*.* wen.* Mtt:n)An\p Optical l ubes (part AUm- 
l.H*r NKOI 09.1.1, Pcridn UlniuiJ lliat were frucU*d [M IVrkfn 
Himcr) iv prevent light from /effecting, Tube caps w<*rc 
slmiKir m Miert>Antp tinps hul specially deaifiiicd to pre- 
vent H^lu scut krMig. All fit ih*> VCM i^MiAuinhhU** were *up- 
jJic.cl 1>y PK Applied Ui06y*t«ni» (l^>*tor C!lty, CA) except 
ihr fucior VIU prlmerji, which writ* synthesized ut Ccncn, 
lech, Inc. (South 5«n Fruncisco! CA). PtoUev w<'«- dc*sii»nt.-<l 
using the Otip.i A.(i software, folk»wln K guidelines mi^- 

j»cs»en m mc Model 7 700 .sequence l>ciwu>r liiMimnvnl 
manual. HrlcHy, probe T m i)m«ld he a! least £ U C l)l|;lif r 
mail the aruiviillnx lemi^'Mturc wied during thennul ey- 
t hngi primers sho\dd not foun *t*hlv duplexed wi Hi tin* 
prohr. 

The lhcriiKt) ryrllng cunditlon.s Included 2 juln M 
$0 V C and 10 miu al 95"C. Hicrmal cycling proceeded with 



reaction* wt-ro perfomied in "the Morlol 7700,Scqucnar IV- 
|«ior (1»E Applied UlusyKtvuib), which cuiUahn. » Ocne. 
Amp l*<*;U Syswm P«K>. Hfcacllon wudition« w*Tf pro* 
RTUtiumxl on .( ^tw« Macintti-h 7100 (Apple Conn in tf»r ( 
Santa Clara, CA) linKcd dirvvtly to the Model WOO 
c)ucikv IXUffctor* Analy*t» «f data alw.i |tf*K/«nncH on 
the Mm-lrUfuih computer. C*.otloeHU>ii ai>d «ii^tynk enftwaro 
wx\* develniwl Ht PV. Applied Wosyslums. 

Transfection of Cells with Facw VIII Comtrucl 

Pnur I-17.S Oaskfi of 293 cells (ATCjC C:iih 1573). 3 human 
folal kidney soKpctiAion cell Hmr, were Bmwn lo 80% con- 
llucncy and tran«fcet<.'d pl-'cTlM. Colls were ^awn in the 
tallowing mcdltt! £0% HAM'S ¥\2 without GMT, 5(W» lt>^ 
glucose JhdlK'rvn's modified Ka«Jc in ed in hi (UMUM) with- 
out glycine with sodium bicarhmiate, 10% ietal htw'mc 
msrurn, 2 iiim L-Klul«in«ic, dnd 1% penirillm-strcplorny- 
tin. 'Hie media w«a vlianffc^ 30 mln Mo«- the transfee 
tion. pl-UTM WA amounta of 40, 4, OS, and 0.1 were 
aditwl to ml of a sohitlon contalnlnR 0,125 m (u»C1 ? ; 
and 1 x MtuniS. The four mixture* w«rc left al rt>om tem- 
^rpt^n- ttu lO mln and then add^l Hr.ipwl.ie 1« thecals. 
*Htv n*»k> wn-.iin.uUilcd at 37*C and Ci\ fnr 24 hf, 
washed with PUS, *i»eJ rawspended In PUS* The H'HtiM 
jA-mk*! cells were divided into nK«|uot» und DNA wn« C>/- 
tmetcd luimcdlutely using Hie QIAamp K1*h«1 Kit (QUpon. 
aja(jtm>rtl», VA), l>NA w».s cluled Into 200 ul 30 
TrU-IICI ot pll tt.O. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISPS and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor: family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repress ible promoter, and (it) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24 J. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP- 3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISPS mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the celt membrane (1, 2, 6), Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid^ twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C5 7MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up- regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISPS. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH, SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AP100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 fig of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP- J were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening \gtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /xM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-ampIified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCI cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-/n>-c in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2< a «> where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W'/S/'-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/WnM cell 
line and WISP-2 by approximately 5 -fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of «=40,000 (Af r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of -27,000 (M r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP -2 are induced by Wnt-1, but not WnM, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 fig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- 1 -specific probe 
(amino acids 278-300) or a 190-bp W75/*-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human /3-actin probe. 



Cell Biology, Medical Sciences: Pennica et al. 



:i:.:::-:;::^::Q5E]tDaB 



Q{j< Q BG Off €3QOQ£):fT3T3 

— " I;;::;::;;; :\ :;1QED^ :^-:;.QD.QB 



Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-L 

Identification of WISP-3, To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP- 1 is the same as the recently identified 
Elm I gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-l (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3>1 and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-l expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-l and WISP-2. Expression of 
WISP-l and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-l was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-l expression also was observed focal ly within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-l, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 






Fig. 4. (A t C E, and G) Representative he matoxylin/eosin -stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-l expression are shown in B and 
D. The tumor is a moderately we 11 -differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and 5), 
expression of WISP-l is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and 0), and tumor cells are negative. 
Focal expression of WISP-l, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-l was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-l is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-l is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-l resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-l 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDrcell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-l locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-l and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-l in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P — 
0.166), In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-l (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-l genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 /ig) 
digested with EcoRl (WISP-l) or AM (c-myc) were hybridized with 
a 100-bp human WISP-l probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means - SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1 y WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means £ SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 
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mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C5 7MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /J-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through j3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v ft serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
. tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-'2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

. A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and £-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell-proliferation assays were 
done essentially as described 20,21 . Briefly, after antigen pulsing (30u,gmr' 
TTCF) with tetrapeptides (l-2mgmr l ), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraidehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co -culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 |xCi of 3 H -thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u,g TTCF with 0.25 u.g 
pig kidney legumain in 500 u.1 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides H1DNEEDI, HIDN(N-glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C- terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5 mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography". <jlyco peptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N- terminal sequencing. The lyophilized transferrin - 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mUmr 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgmr 1 ot- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus- infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumour;, studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine -rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane -asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6 ' 7 , Apo3L/TWEAK a ' v , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 M-gmP 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes l,M " lft . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at — lu-gml" 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL' 7 . 

Given the role of immune -cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cystetne-rich domains (CRD 1 -4), and the AMinked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. P8U peripheral blood 
lymphocyte. 
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Figure 2 Interaction of DcR3 with FasL. a. 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid tine, shaded area), TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed as ignifi cant difference (P < 0.001) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoeryth re- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
ceil supernatants were immunoprecipitated with Fc-tagged TNFR 1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1-Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Ftag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Fiag. 
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reaction (PCR) lfl in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18 -fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T 160) .which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone s insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 ' 9 . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding o f FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL;. 5ng ml" 1 ) oligomerized 
with anti-Flag antibody (0.1 ^g ml -1 ) in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a, in presence of 1 ug ml" 1 DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interteukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl, Fas-Fc. or DcR3-Fc (10u.gmr 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 51 O 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of s 'Cr (mean ± s.d. for two donors, each in triplicate). 
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Figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c, d, f, g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n, o, p, q), one non-small-cell carcinoma (b), one smalt-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b. Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker 7*160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-l has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF- family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. Q 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". ... 

Fluorescence-activated cell sorting (FACS) analysis. We trans fee ted 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRKS 
encoding full-length human FasL 4 (2 u-g), together with pRK5 encoding CrmA 
(2 fig) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smimov statistical analysis. There was some detectable staining 
of vector- transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipttation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S]cysteine and [ 3S S| methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (lOfrM), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 ng), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 p,g) (Alexis) was incubated 
with each Fc-fusion protein (1 u,g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u,g) was 
incubated with buffer or with DcR3-Fc (40 p.g) for 1.5 h at 24 °C The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u.1 aliquots into microti tre 
wells precoated with an ti -human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homo trim ers. 

Equilibrium binding analysis. Mtcrotitre wells were coated with anti -human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell A1CD. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 ^gml"') for 24 h, and cultured 
in the presence of interleulun-2 ( 1 00 U ml -1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4 + cells 24 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 51 Cr-loaded Jurkat cells at an effector- 
to- target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of 51 Cr in effector- target co- 
cultures relative to release of sl Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score - 5.4), SHGC-36268 (TI59). the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5 '-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 <4CT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E. coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane -bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of 5. typhimurium and E. to/i u ~ fl is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. I). A six-stranded p- 
sheet (p3 and p8-J3 12) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, p2, p4-p7, oti and a2) on one side 
(within arm I) and a domain of mosdy a-helices (a3-a9) on the 




Figure 1 Crystal structure of HisR a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively {see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I. as shown in a. towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and -stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-cha in- reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erfaB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique wilt make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661-666, 1998. 
© 1998 micy-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et al, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ ( 1 1 q 1 3), and erb&2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and er6B2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et al., 1992; 
Schuuring et al., 1992; Siamon et aL 1987). Muss et al. (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al (1987) between 
erbBl amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage rumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al, 1996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co : valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyI-rhodamine) 
attached to the 3 ' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C t 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
rumors (myc, ccndl and er£B2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C x and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al., 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N 1 ", and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbBl) 

N = = . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 1 0-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 "(10 5 copies of each gene) to 
1Q- io (iq2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan bufTer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates Q and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q2 1 .2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 3 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes fapp and albj 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and alt 108 primary breast-rumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 s (A9), 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions {app, 21q21.2; alb, 4q 1 1 -q 1 3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccnd 1 and erb52 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in *' Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.9 1 ±0.19) for erbB2. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccnd 1 and erb&2 gene dose in breast-tumor DNA 

myc, ccndl and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbB2 (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccnd J, 2 to 15,1 for erbB2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (Tl 18). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southem-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (1 myc, 6 ccndl and 4 erbB2) 
in which real-time PCR showed gene amplification whereas 
Southem-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erb&2 GENES W 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 




myc 


0 


97 (89.8%) 11 (10.2%) 


0 


ccndl 


0 


83 (76.9%) 17(15.7%) 


8 (7.4%) 


erbBl 


5 (4.6%) 


87 (80.6%) 8 (7.4%) 


8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formal in-fixed, paraffin -embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al., 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil "N-glycosylase (UNG) 
(Longo et al., 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real -time PCR makes DNA quantification much more precise and 
reproducible, since it is based on Q values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C t to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al, 
1996; Slamon et al, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Imrnunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (ii) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns et al., 1 992; Borg et al, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et al ( 1 992) and Courjal et al 
(1997). (iv) The maxima of ccndl and erbB2 over-representation 
were 1 8- fold and 1 5- fold, also in keeping with earlier results (about 
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Amplification - ALB 
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Viewer: \ &Rn(B...^l 



i i i i I i i i i t i i i i i i i i t I i i I i I i i i i i i i i I i i i i i 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 Reporter: | FAM ▼ \ 
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CCND1 



ALB 



Tumor 
I T118 



c t Copy number c t Copy number 
27.3 4605 26.5 4365 



. - ■ T133 23.2 61659 25.2 10092 

II T145 22.1 125892 25.6 7762 

Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Til 8 (El 2, C6, black squares), Tl 33 (Gl I , B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table U. 



30-fold maximum) (Bemse/<7/„ 1992; Borge/a/., 1992;Courjal et 
aL, 1997). (v) The erb&l copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et aL, 1 995; Deng et aL, 1996; Valeron 



et aL, 1996). Our results also correlate well with those recently 
published by Gelmini et aL (1997), who used the TaqMan system to 
measure erbB2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndt GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Uccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









1 For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(S5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et a I., 1992; 
Slamon era/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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